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Human respiratory syncytial virus (HRSV) is a major cause of a 
number of severe respiratory diseases, including bronchiolitis and 
pneumonia, in infants and young children. The HRSV F protein, a 
glycoprotein essential for viral entry, is a primary target for vaccine 
and drug development. Two heptad-repeat regions within the 
HRSV F sequence were predicted by the computer program learn- 
coil-vmf. These regions are thought to form trimer-of-hairpins-like 
structures, similar to those found in the fusion proteins of several 
enveloped viruses. The hairpin structure likely brings the viral and 
cellular membranes into close apposition, thereby facilitating 
membrane fusion and subsequent viral entry. Here, we show that 
peptides, denoted HR-N and HR-C, corresponding to the heptad- 
repeat regions from the N-terminal and C-terminal segments of the 
HRSV F protein, respectively, form a stable a-helical trimer of 
heterodimers. The HRSV N/C complex was crystallized and its x-ray 
structure was determined at 2.3-A resolution. As anticipated, the 
complex is a six-helix bundle in which the HR-N peptides form a 
three-stranded, central coiled coil, and the HR-C peptides pack in an 
antiparallel manner into hydrophobic grooves on the coiled-coil 
surface. There is remarkable structural similarity between the HRSV 
N/C complex and the fusion protein core of other viruses, including 
HIV-1 gp41. In addition, earlier work has shown that HRSV HR-C 
peptides, like the HIV-1 gp41 C peptides, inhibit viral infection. 
Thus, drug discovery and vaccine development strategies aimed at 
inhibiting viral entry by blocking hairpin formation may be applied 
to the inhibition of HRSV. 
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Human respiratory syncytial virus (HRSV), a member of the 
pneumovirus subfamily of the Paramyxoviridae family (1), 
is a leading cause of severe respiratory infections in infants and 
young children worldwide (2). A safe and effective HRSV 
vaccine is not yet available, so it is important to pursue potential 
therapeutic measures against HRSV infection. 

HRSV carries three surface glycoproteins: F, G, and SH (1). 
The HRSV F protein is an attractive target for drug and vaccine 
development as it is essential for viral entry, is highly conserved, 
and is the major virus neutralization antigen (1). In contrast, the 
G protein is highly variable among different strains of HRSV (3), 
and the SH protein has been found to be dispensable for virus 
growth (4). 

The F protein is synthesized as a 67-kDa precursor (denoted 
F0) that is processed by proteolytic cleavage to yield two 
disulfide-linked subunits: Fl and F2 (Fig. 1). The fusion 
peptide region, a hydrophobic/glycine-rich segment that in- 
serts into the target cellular membrane during the fusion 
process, is located at the N terminus of the Fl subunit (1). The 
transmembrane segment is close to the C terminus of the Fl 
subunit. Adjacent to both the fusion peptide and transmem- 
brane segments are two regions containing 4,3-hydrophobic 
heptad repeats (HR), a sequence motif suggestive of coiled- 
coil structures (5-7). These regions are denoted HR-N and 
HR-C, respectively, and are separated by an intervening 
domain of =270 residues. In general, the arrangement of these 



structural elements in the Fl protein is highly conserved 
among the Paramyxoviridae family (8). 

Previous studies with viral fusion proteins (ref. 7 and refer- 
ences therein), including hemagglutinin of influenza (9, 10), TM 
subunit of Moloney murine leukemia virus (11), gp41 of HIV-1 
and simian immunodeficiency virus (12-17), GP2 of Ebola (18, 
19), gp21 of human T cell leukemia virus type 1 (20), and Fl of 
simian parainfluenza virus 5 (SV5) (21), suggest that HR-N and 
HR-C form trimeric hairpin-like structures, with the HR-C 
regions packing in an antiparallel manner against the inner 
coiled coil formed by the HR-N regions. The likely role of the 
hairpin structure is to facilitate apposition of the viral and 
cellular membranes by bringing the fusion peptide, which inserts 
into the cellular membrane, close to the transmembrane seg- 
ment, which is anchored in the viral membrane. Hence, the 
trimer-of-hairpins structure presumably corresponds to the 
fusion-active state, distinct from the native (nonfusogenic) state. 
But whether hairpin formation precedes the actual membrane- 
fusion event or occurs simultaneously with fusion is unknown. 

There is extensive biochemical evidence to suggest that viral 
fusion proteins undergo conformational changes when activated 
(22, 23). Earlier work on the HIV-1 fusion protein gp41 led to 
a model for viral membrane fusion (Fig. 2) in which gp41 exists 
in at least three different conformations: (j) the native (nonfu- 
sogenic) form, where the fusion peptide and HR-N region are 
inaccessible, (it) the prehairpin intermediate, where the HR-N 
region is exposed and the fusion peptide is projected into the 
target cellular membrane, and (Hi) the fusogenic hairpin form, 
where the HR-N and HR-C regions associate and bring the viral 
and the cellular membranes together to facilitate fusion (24). 

Agents that prevent these conformational changes by stabi- 
lizing the native or intermediate states are expected to prevent 
fusion activation and thus block viral entry. In the case of HIV-1 
gp41, peptides corresponding to the HR-C region of gp41, 
referred to as C peptides, can effectively inhibit infection (24). 
One such C peptide is in clinical trials and shows antiviral activity 
in humans (25). C peptides function in a dominant-negative 
manner by binding to the transiently exposed coiled coil in the 
prehairpin intermediate and consequently blocking the forma- 
tion of the fusion-active hairpin structures (24). 

A similar approach may be effective in identifying inhibitors 
of HRSV infection. HR-C regions from HRSV have been shown 
to inhibit viral infection and thus provide evidence that the F 
protein also may display the prehairpin intermediate conforma- 
tion (26). Analogous to the HIV-1 C peptides, these HRSV 
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Fig. 1. Schematic diagram of the HRSV F protein sequence. F1 and F2 are formed after proteolytic cleavage of the precursor FO. The signal peptide (SP), the 
cleavage site (CS), the putative fusion peptide (FP), the N-terminal HR (HR-N) region, the C-terminal HR (HR-C) region, and the transmembrane segment (TM) 
within the amino acid sequence of the recombinant recRSV-1 construct are indicated. The HR-N and HR-C regions predicted by learncoil-vmf are represented 
by shaded boxes. Protease-resistant fragments from trypsin (HRSV-N57 and HRSV-C4S) and proteinase K (HRSV-N51 and HRSV-C39) cleavage are indicated. 



HR-C peptides likely act in a dominant-negative i 
prevent the formation of final fusion-active structures, thereby 
inhibiting viral entry. 

To verify that the HRSV Fl protein core indeed forms a 
trimer-of-hairpins structure and to provide a structural basis for 
the development of fusion inhibitors, we characterized the 
interaction of the two HR regions of HRSV Fl protein. We 
identified two peptides, HRSV-N57 and HRSV-C45, which 
correspond to the HR-N and HR-C regions of HRSV Fl protein, 
respectively, that form a stable trimer of heterodimers. This 
result is consistent with recent reports that indicate the HR-N 
and HR-C regions from HRSV associate to form an a-helical 
trimer of heterodimers (27, 28). The HRSV-N57/C45 complex 
characterized here was crystallized, and its x-ray structure was 
determined to 2.3-A resolution. The structure confirms the 
similarity between the HRSV Fl protein core and several other 
viral fusion proteins, including HIV-1 gp41, suggesting that 
methods for discovery of potential therapeutics and prophylac- 
tics developed against HIV-1 gp41 also might apply to the HRSV 
Fl protein. 

Materials and Methods 

Gene Construction and Purification of recRSV-1. Using optimal 
codons for Escherichia coli expression (29), a synthetic gene 
sequence denoted recRSV-1 was constructed that encodes res- 
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Fig. 2. A model for virus-cell membrane fusion (24). The model shown is 
based primarily on studies of the HIV-1 gp41-mediated membrane fusion 
process. The HRSV F protein likely undergoes similar conformational changes. 
In the native state, the fusion peptide (not shown) is inaccessible. Upon 
activation, the fusion protein undergoes a conformational change to the 
prehairpin intermediate, in which thefusion peptide (red lines) is inserted into 
the target-cell membrane, and the HR-N peptide region (gray) is a trimeric 
coiled coil. The HR-C peptide region (yellow) has not yet associated with the 
N peptide coiled coil. This intermediate is vulnerable to HR-C peptide inhibi- 
tion {Lower, inhibitory peptides shown in orange). The prehairpin interme- 
diate resolves to the fusion-active hairpin structure when the HR-C peptide 
region binds to the HR-N peptide coiled coil and adopts a helical conforma- 
tion. This rearrangement results in membrane apposition. Whether hairpin 
formation precedes the actual membrane-fusion event or occurs simulta- 
neously with fusion is unknown. Figure was adapted from Chan and Kim (24). 



idues 153-209 and 476-524 of HRSV (strain RSS-2; Swiss-Prot 
accession no. P11209), connected by a glycine-rich linker (Fig. 1). 
A factor Xa cleavage site was incorporated upstream of the 
HRSV coding sequence. The constructed gene was inserted into 
the BamHl-Hindlll restriction site of the hexahistidine expres- 
sion vector pQE9 (Qiagen, Chatsworth, CA). The resulting 
plasmid, denoted pRSV-1, was transformed into E. coli XL1- 
Blue competent cells for protein expression. Cells were grown in 
Luria-Bertani medium to an optical density of 0.6 at 600 nm. 
Protein expression then was induced with 1 mM isopropyl-/3-D- 
thiogalactopyranoside, and cells were harvested after 3 h. 

Cells were lysed in 6 M guanidine-HCl, and the lysate was 
clarified by centrifugation. The recombinant protein was purified 
by nickel-nitrilotriacetic acid metal-affinity chromatography, 
followed by reverse-phase HPLC (Waters) using a Vydac C18 
preparative column (Vydac, Hesperia, CA) with a wa- 
ter/acetonitrile gradient of 0.1%/min in the presence of 0.1% 
trif luoroacetic acid. The mass of the purified protein was verified 
by mass spectrometry on a Voyager Elite matrix-assisted laser 
desorption ionization-time of flight mass spectrometer (PerSep- 
tive Biosystems, Framingham, MA). The protein was lyophilized 
and resuspended in ultrapure water and dialyzed against factor 
Xa cleavage buffer (50 mM Tris-HCl, pH 8.0/100 mM NaCl/2 
mM CaCl 2 ). To remove the His tag, factor Xa was added at a 
1:500 wt/ wt ratio of protease to tagged protein, and the reaction 
was incubated for 2 days at room temperature. The cleavage 
mixture then was purified by reverse-phase HPLC on a Vydac 
C18 preparative column. Peak fractions containing recRSV-1 
were verified by mass spectrometry and lyophilized. 



/sis. All proteolysis reactions were performed with 1 
mg/ml protein and 0.1 mg/ml protease in PBS, pH 7.4, at room 
temperature and quenched with 2 mM PMSF (final concentra- 
tion). Proteolysis samples were analyzed by reverse-phase HPLC 
connected to an LCQ electrospray mass spectrometer (Finnigan- 
MAT, San Jose, CA). Fragments were assigned by matching 
observed masses with a list of possible fragment masses pre- 
dicted by the computer program fragment mass (E. Wolf 
and P. S. Kim, http://www.wi.mit.edu/kim/computing.html). As- 
signed fragments were within 1 Da of their predicted values. 

CD Spectroscopy. CD spectra were measured at 10 fiM protein 
concentration in PBS buffer with an AVIV 62 DS spectrometer 
(Aviv Associates, Lakewood, NJ) as described (30). Protein 
concentrations were determined by absorbance at 280 nm in 20 
mM phosphate-buffered 6 M guanidine-HCl (pH 6.5) (31). 



Sedimentation Equilibrium Analysis. Sedimentation equilibrium 
analysis was performed on a Beckman XLA-90 analytical ultra- 
centrifuge (Beckman Instruments) at 15,000 rpm and 20,000 
rpm, and data were collected after spinning for 18 h at 20°C. 
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Three protein samples at concentrations of 10, 50, and 100 fM. 
were spun, following dialysis against PBS buffer overnight. Data 
analyses were performed as described (32). 

Purification, Crystallization, and Structure Determination of the HRSV- 
N57/C45 Trimer. The HRSV-N57 and HRSV-C45 peptides were 
generated by trypsin digestion of recRSV-1 protein and purified 
to homogeneity by reverse-phase HPLC on a Vydac C18 pre- 
parative column. The purified HRSV peptides were lyophilized 
and dissolved in water and 10 mM Tris-HCl (pH 8.5), respec- 
tively. Equimolar amounts of HRSV-N57 and HRSV-C45 were 
mixed, and the complex was separated from the free peptide and 
aggregated species by gel filtration on a Sephacryl S-100 HR 
column (Amersham Pharmacia) in buffer (10 mM Tris-HCl, pH 
8.5/50 mM NaCl). The purified HRSV-N57/C45 complex was 
concentrated to 10 mg/ml. 

Crystals were obtained by using the hanging drop method by 
equilibrating 2-ixl drops (protein solution mixed 1:1 with reser- 
voir solution) against a reservoir solution containing 24-26% 
polyethylene glycol 4000/200 mM Tris-HCl, pH 8.5/300 mM 
Li 2 S0 4 . The crystals belong to the space group PI (a = 67.9 A, 
b = 71.5 A, c = 76.5 A, a = 81.3°, /3 = 73.8°, y = 60.7°). There 
are four trimers per asymmetric unit that give rise to a solvent 
content of «46%. For data collection, crystals were directly 
mounted in nylon loops (Hampton Research, Riverside, CA) 
from the drop and flash-frozen in liquid nitrogen. Diffraction 
data were collected at 100 K at the Howard Hughes Medical 
Institute Beamline X4A at Brookhaven National Laboratory, 
Brookhaven, NY, using a Quantum-4 CCD detector. Diffraction 
intensities were integrated by using denzo and scalepack 
software (33) and reduced to structure factors with the program 
TRUNCATE from the CCP4 program suite (34). The structure of 
the HRSV-N57/C45 complex was solved by molecular replace- 
ment with the program amore (47). A polyserine model derived 
from the SV5 Nl/Cl trimer (21) was used as a search model. 
Initially, only three molecules per asymmetric unit were found. 
After applying solvent flattening, histogram matching, and 
9-fold noncrystallographic averaging with the program DM (35), 
the electron density map was interpretable in most regions. 
Three HRSV-N57/C45 trimer molecules were built into the 
density using the program o (36). After a few cycles of refine- 
ment, the i? free value remained high, and the existence of 
unassigned continuous density was suggestive of a fourth mol- 
ecule. Molecular replacement with a partially refined HRSV- 
N57/C45 trimer molecule readily located the fourth trimer in 
the unit cell. Crystallographic refinement of the structure (Table 
1) was done with the cns programs (37) (reflections beyond 2.3 
A were not used due to poor quality). Noncrystallographic 
symmetry restraints were applied during the first few cycles of 
refinement but then were removed and not used in the final 
refinement. The quality of coordinates was examined by pro- 
check (38). No residues were in disallowed regions, and 94.5% 
were in the most favored regions of the Ramachandran plot. 



HRSV-N57 and HRSV-C45 Peptides Form a Stable Trimeric a-Helical 
Complex, learncoil-vmf, a program for identifying coiled-coil- 
like regions in viral fusion proteins, predicts such regions in the 
HRSV Fl protein (7). The first region (residues 156-201) is near 
the putative fusion peptide, and the second region (residues 
488-516) is adjacent to the transmembrane segment (Fig. 1). 

To study the regions predicted by learncoil-vmf, we con- 
structed a recombinant protein, recRSV-1, corresponding to 
residues 153-209 and residues 476-524 of HRSV F protein 
connected by a glycine-rich linker (see Materials and Methods) 
(Fig. 1). CD spectroscopy indicates that recRSV-1 is highly 
helical (=70% helix content) and extremely thermostable (the 
midpoint of thermal denaturation [T m ] <=90°C in the presence of 



Table 1. X-ray data collection and refinement statistics 

Data collection 
Resolution range, A 
Observed reflections 
Unique reflections 
Completeness, % 



Refinement 
Resolution range, A 
Protein nonhydrogen atoms 
Water molecules 

Rfree* 

rms difference from ideal geometry 
Bond lengths, A 
Bond angles, " 
Average B-factor, A 2 



20.0-2.20 
119,905 
56,973 

91.2 (64.7)* 
0.041 (0.26S 



45.4 



♦Values in parentheses correspond to highest resolution shell 2.28 to 2.20 A. 
Emerge = 22j | lj (hkl) - (l(hkl)> |/2Sj | <l(hkl)> |, where Ij is the intensity 

measurement for reflection hkl and (I) is the mean intensity over j reflections. 
'Rcryst (Rfree) = S I |F„bs(hkl) | - | F ak (hkl) | |/S | F obi (hkl) | , where F obs and F calc 

are observed and calculated structure factors, respectively. No cr-cutoff was 

applied. 10% of the reflections were excluded from refinement and used to 

calculate Rf ree . 



4 M guanidine-HCl, pH 7.4); recRSV-1 forms a trimer in PBS 
buffer as judged by sedimentation equilibrium analysis (X.Z. and 
P.S.K., unpublished results). 

Proteolysis of the recRSV-1 protein reveals a protease- 
resistant core containing the entire HR-N and HR-C regions 
predicted by learncoil-vmf. Digestion of recRSV-1 by trypsin 
generates two major fragments readily separated by reverse- 
phase HPLC. Mass spectrometry analysis unambiguously assigns 
these as an N-terminal fragment corresponding to residues 
153-209, denoted HRSV-N57 [observed molecular weight 
(MW) = expected MW = 6,130], and a C-terminal fragment 
corresponding to residues 476-520, denoted HRSV-C45 (ob- 
served MW = expected MW = 5,111) (Fig. 1). 

The isolated HRSV-N57 peptide folds into an a-helical struc- 
ture in PBS (>40% helix content) as determined by CD but does 
not form a monodisperse species according to sedimentation 
equilibrium analysis (X.Z. and P.S.K., unpublished results). The 
apparent T m of HRSV-N57 varies (=40-50°C at 10 fxM in PBS), 
presumably due to aggregation. In contrast, the isolated HRSV- 
C45 peptide is unfolded, and the CD signal does not show a 
thermal unfolding transition (X.Z. and P.S.K., unpublished 
results). The CD spectrum of an equimolar mixture of the 
HRSV-N57 and HRSV-C45 peptides shows a substantially 
higher ct-helical signal than the weighted average of the spectra 
of the individual peptides, indicating a major conformational 
change upon association of the two peptides (Fig. 3/1). The 
HRSV-N57/C45 complex has an apparent T m of 88°C at 10 fjM 
in PBS (X.Z. and P.S.K., unpublished results). Sedimentation 
equilibrium centrifugation clearly indicates that in the HRSV- 
N57/C45 complex the peptides are present in a 3:3 ratio (Fig. 
3B). These results are in agreement with those of Lambert and 
colleagues (28). 

HRSV-N57/C45 can be further trimmed by proteinase K to 
generate smaller fragments denoted HRSV-N51 (residues 157- 
207) and HRSV-C39 (residues 482-520) (Fig. 1). Proteinase K 
is not sequence specific; therefore, its proteolytic fragments are 
expected to better represent the boundaries of a well-folded 
domain. The HRSV-N51/C39 complex has an apparent T m of 
88°C at 10 juM in PBS (X.Z. and P.S.K., unpublished results), the 
same as that of HRSV-N57/C45. Thus, the extra-terminal 
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Fig. 3. Biophysical characterization of HRSV peptides. (A) CD spectra of 
HRSV-N57, HRSV-C45, and HRSV-N57/C45 in PBS at 25°C. The predicted 
spectrum for noninteracting HRSV-N57 plus HRSV-C45 peptides is shown for 
comparison. (B) Equilibrium sedimentation of HRSV-N57/C45 at 20°C and 
15,000 rpm in PBS. The data fit closely to a trimeric model. Lines expected for 
dimeric and tetrameric models are indicated for comparison. The deviation in 
the data from the linear fit for a trimeric model is plotted (Upper). No 
systematic deviation in the residuals is observed. 



residues in HRSV-N57 and HRSV-C45 do not seem to contrib- 
ute to the stability of the core complex. 

Crystal Structure of HRSV-N57/C45. Crystals of HRSV-N57/C45 
contain four trimers of HRSV-N57/C45 heterodimers per unit 
cell, giving rise to 12 independently refined heterodimers. Both 
the final 2F Q -F C map and simulated annealing omit map are 
readily interpretable (Fig. 44). However, some terminal resi- 
dues, including 153-159, 208-209, 476-479, and 517-520, are 
disordered to a different degree among different chains. Al- 
though it is possible that this variation is due to the differences 




Fig. 4. Crystal structure of HRSV-N57/C45 complex. 04) A region of a 
simulated annealing omit map of HRSV-N57/C45, calculated with 2F 0 -F K 
coefficients in the absence of the fragments shown. The map is displayed as a 
map cover contoured at 1<r. The view is down the 3-fold axis of the trimer. 
Figure was generated with the program o (36). (B and O Ribbon diagram of 
the HRSV-N57/C45 trimer. N helices are shown in blue and C helices in yellow. 
(B) A top view of the HRSV-N57/C45 trimer looking down the 3-fold axisofthe 
trimer. (Q A side view with the amino termini of the N helices pointing toward 
the top of the page and those of the C helices pointing toward the bottom. 
Figure was prepared with t 



Fig. 5. The surface properties of the HRSV-N57 trimer with the HRSV-C45 
peptides displayed in a stick-style representation. View same as Fig. 4C. (A) 
Surface variability of the HRSV-N57 trimer (analysis based on RSV sequences 
available in GenBank and Swiss-Prot). The residues shown in dark red vary 
among different human virus strains. The residues shown in pink are identical 
among 20 human strains of HRSV but are different in bovine respiratory 
syncytial virus. The cavity region is indicated by a yellow arrow. (B) Surface 
mapping of groups with the potential to form electrostatic and polar inter- 
actions. Nitrogen and oxygen atoms from charged amino acid side chains are 
shown in blue and red, respectively. Nitrogen and oxygen atoms from polar 
amino acid side chains are shown in yellow. Figure was drawn with the 
program grasp (46). 



in local lattice contact environments, these terminal residues are 
more likely to be intrinsically flexible, especially in solution, as 
they are removed in the proteinase K-digested HRSV-N57/C45. 

We focused our structural analysis on the well-defined regions, 
including residues 160-207 in HRSV-N57 and residues 480-516 
in HRSV-C45. For these regions, the structural differences 
between the 12 copies of the HRSV-N57/C45 heterodimer are 
small (e.g., the average rms difference in C„ positions between 
any pair of heterodimers is 0.34 A). 

HRSV-N57/C45 forms a rod-shaped, six-helix bundle of 
approximately 68 A in length and 27 A in diameter (Fig. 4 B and 
C). The HRSV-N57 peptides form a three-stranded coiled coil. 
Three HRSV-C45 peptides pack in an antiparallel manner 
against long, hydrophobic grooves formed on the surface of the 
HRSV-N57 core. This packing arrangement would put the 
fusion peptide segment, located immediately before HRSV-N57, 
and transmembrane segment, located immediately after HRSV- 
C45, in close proximity. 

The Interface Between the HRSV-N57 Core and HRSV-C45. Approxi- 
mately 3,000 A 2 of solvent-accessible surface area are buried 
at the interface between the HRSV-N57 core and each 
HRSV-C45 peptide. Twenty amino acid residues from each 
HRSV-C45 peptide and 26 residues from two adjacent HRSV- 
N57 peptides contribute to the interface interaction. These 
residues are highly conserved among different HRSV strains, 
including 20 HRSV isolates and seven bovine respiratory 
syncytial virus isolates (analysis based on sequences available 
in GenBank and Swiss-Prot as of September 2000) (Fig. 5A). 
Most of the amino acid differences between strains are limited 
to conservative mutations. 

Various features of the deep groove on the surface of the 
HRSV-N57 trimer (Fig. SB) suggest that this groove is a poten- 
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Fig. 6. The cavity on the surface of the HRSV-N57 coiled coil. (A) A stereo view of interactions in the HRSV-N57 cavity. Two phenylalanine residues of HRSV-C45 
(yellow) fit into the cavity formed by two neighboring HRSV-N57 peptides (bl ue). A prime symbol is used to distinguish residues from the two HRSV-N57 chains. 
Figure was prepared with molscript (45). (fi) Comparison of cavity interactions of the HRSV and SV5 structures. The HRSV-N57 coiled coils, which superimpose 
closely with the SV5 N peptide coiled coils (21), are represented as a molecular surface (the most convex part shown in green and the most concave in gray). The 
HRSV-C45 (yellow) and SV5 C peptide (pink) helices are shown as ribbons with selected side chains that pack into the cavity. The relative shift of the C peptides 
is clearly visible. Figure was drawn with the program grasp (46). 



tially attractive drug target. The carboxyl-terminal end of the 
groove features a hydrophobic cavity. Within the cavity region, 
the majority of contacts are between six cavity-lining residues 
from the HRSV-N57 peptides (Lys-191, Leu-195, and Tyr-198 
from one chain and Lys-196, Asp-200, and Leu-204 from an- 
other) and two aromatic residues, Phe-483 and Phe-488, from the 
HRSV-C45 peptide (Fig. 6). A patch in the middle of the 
hydrophobic groove (Fig. 5B) is enriched with polar residues. 
Multiple hydrogen bonds are observed in this area. For example, 
Ser-509 Oy of the HRSV-C45 peptide forms an elaborate 
hydrogen-bond network with Thr-174 Oyl, Ala-170 O, and 
Asn-175 NS2 from the HRSV-N57 helices. The abundance of 
hydrogen-bond donor/acceptors in the groove is likely to greatly 
enhance binding specificity due to the requirement of electro- 
static complementarity. Thus, this cavity and groove are poten- 
tially good binding sites for small molecule inhibitors (cf. refs. 
39-41). 

Comparison with SV5 F1 Trimer Core and Other Viral Fusion Proteins. 

Among paramyxovirus fusion proteins, only the structure of the 
SV5 Fl trimer core has been determined (21). In general, the Fl 
core from HRSV and SV5 adopt a similar fold, despite a low 
sequence identity between the two proteins (18.4% for the entire 
protein sequence and 19.1% for the HR regions). These struc- 
tures can be superimposed with an rms difference of 2.1 A 
between all C„ atoms. The central N peptide cores superimpose 
closely, with an rms difference of 0.65 A, whereas the C peptides 
are more divergent, with an rms difference of 2.9 A. 

A stutter or increase in spacing pattern (3-4-4-4-3) for HRs, 
instead of the regular 3-4-3-4-3, has been observed in the SV5 Fl 
trimer core (21). A similar stutter is observed within the last two 
HRs in the HRSV-N57 coiled-coil core. This supports the 
prediction by Baker et al. that the 3-4-4-4-3 pattern will be 
conserved among paramyxovirus F proteins because it can 
maintain hydrophobic residues within the coiled-coil core (21). 
However, because the stutter in HRSV-N57 occurs at the end of 
the peptide helix, structural irregularities resulting from helix 
end effects cannot be ruled out. 

It has been suggested that the C peptides of HRSV and other 
paramyxoviruses will have a similar main-chain conformation as 
observed in the SV5 crystal structure (21). However, our results 
show that the HRSV C peptide has one additional helical turn 
not observed in the SV5 C peptide. As a consequence, the 



position of the C peptide residues that pack into the hydrophobic 
cavity is shifted in HRSV compared with SV5 (Fig. 6B), and such 
a packing arrangement is not readily predicted from primary 
sequence alignment of the two proteins. 

Discussion 

The structure of HRSV-N57/C45 adds to the repertoire of viral 
fusion proteins that have been shown to form a trimer-of- 
hairpins motif. The remarkable similarity between the HRSV Fl 
and HIV-1 gp41 core structures, as well as similar C peptide 
inhibition phenomena, suggest a conserved mechanism of fu- 
sion. Similar to HIV-1 gp41, HRSV Fl likely undergoes a series 
of conformational changes to become fusion active. The distinct 
conformational states proposed for HIV-1 gp41 (24), including 
the native state, the prehairpin intermediate, and fusion-active 
hairpin state, also may apply to HRSV Fl. Electron microscopy 
studies of the full-length F protein reveal two distinct confor- 
mations, one cone-shaped and the other lollipop-shaped, which 
may represent the native and fusion-active states, respectively 
(42). The HRSV-N57/C45 structure presented here likely cor- 
responds to the fusion-active hairpin conformation, as the 
hairpin formation is structurally coupled to the apposition of 
viral and cellular membranes. 

The existence of the prehairpin intermediate conformation 
for the HRSV F protein is strongly supported by the observation 
that peptides corresponding to the HRSV HR-C regions can 
efficiently inhibit viral fusion (26). Presumably, these HR-C 
peptides function by binding to the exposed HR-N regions, 
thereby blocking the conformational transition to the fusion- 
active form. 

If small, oral, bioavailable molecules that disrupt hairpin 
formation are identified, they may be effective drugs against 
viral infection. In the case of HIV-1, a strategy to block hairpin 
formation has been developed to find D peptide inhibitors of 
viral entry that bind to a hydrophobic pocket on the surface of 
the central coiled coil consisting of HIV-1 gp41 N peptides 
(39). The cavity and well-defined groove on the surface of the 
central coiled coil of the HRSV-N57/C45 complex identified 
here may serve as useful drug targets. 

Finally, the HRSV-N57/C45 structure may provide a new 
direction in vaccine development against HRSV infection. 
Antibodies from vaccine trials using purified, native, full- 
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length F protein have very low neutralizing activities compared 
with those generated by live HRSV (1). One suggested strategy 
for eliciting neutralizing HI V-l antibodies is to target transient 
intermediates or fusion-competent conformations (39, 43). 
The N-terminal coiled coil observed in the current structure 
might be formed in a prehairpin intermediate analogous to 
that found in HIV-1 and thus may be a viable target for 
antifusion antibodies. A neutralizing antibody against HRSV 
has been mapped to the N-terminal coiled-coil region (44); it 
will be interesting to see whether it targets a prehairpin 
intermediate. 
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A core trimer of the paramyxovirus fusion protein: parallels 
to influenza virus hemagglutinin and HIV-1 gp41. 



Joshi SB , Dutch RE , Lamb RA . 

Department of Biochemistry, Molecular Biology and Cell Biology, 
Northwestern University, Evanston, Illinois, 60208-3500, USA. 

The paramyxovirus fusion (F) protein mediates membrane 
fusion. The biologically active F protein consists of a 
membrane distal subunit, F2, and a membrane-anchored 
subunit, Fl. We have identified a highly stable structure 
composed of peptides derived from the Fl heptad repeat A, 
which abuts the hydrophobic fusion peptide (peptide N-l), 
and the Fl heptad repeat B, located 270 residues downstream 
and adjacent to the transmembrane domain (peptides C-l 
and C-2). In isolation, peptide N-l is 47% alpha-helical and 
peptide C-l and C-2 are unfolded. When mixed together, 
peptides Nl + CI form a thermostable (Tm >90 degreesC), 
82% alpha-helical, discrete trimer of heterodimers (mass 
31,300 Mr) that is resistant to denaturation by 2% SDS at 40 
degreesC. We suggest that this alpha-helical trimeric complex 
represents the core most stable form of the F protein that 
either is fusion competent or forms after fusion has occurred. 
Peptide C-l is a potent inhibitor of both the lipid mixing and 
the aqueous content mixing fusion activity of the SV5 F 
protein. In contrast, peptides N-l and N-2 inhibit cytoplasmic 
content mixing but not lipid mixing, leading to a stable 
hemifusion state. Thus, these peptides define functionally 
different steps in the fusion process. The parallels among both 
the fusion processes and the protein structures of 
paramyxovirus F proteins, HIV gp41, and influenza virus 
hemagglutinin are discussed, as the analogies are indicative 
of a conserved paradigm for fusion promotion among fusion 
proteins from widely disparate viruses. Copyright 1998 
Academic Press. 
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Structural basis for paramyxovirus-mediated membrane 
fusion. 



Baker KA , Dutch RE , Lamb RA . Jardetzky TS . 

Department of Biochemistry, Molecular Biology, and Cell Biology, 
Northwestern University, Evanston, Illinois 60208-3500, USA. 

Paramyxoviruses are responsible for significant human 
mortality and disease worldwide, but the molecular 
mechanisms underlying their entry into host cells remain 
poorly understood. We have solved the crystal structure of a 
fragment of the simian parainfluenza virus 5 fusion protein 
(SV5 F), revealing a 96 A long coiled coil surrounded by three 
antiparallel helices. This structure places the fusion and 
transmembrane anchor of SV5 F in close proximity with a 
large intervening domain at the opposite end of the coiled 
coil. Six amino acids, potentially part of the fusion peptide, 
form a segment of the central coiled coil, suggesting that this 
structure extends into the membrane. Deletion mutants of 
SV5 F indicate that putative flexible tethers between the 
coiled coil and the viral membrane are dispensable for fusion. 
The lack of flexible tethers may couple a final conformational 
change in the F protein directly to the fusion of two bilayers. 
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Mutational analysis of the membrane proximal heptad repeat 
of the newcastle disease virus fusion protein. 

McGinnesT,W , SergdT, Chen H, Hamo L , SchjverteS, LiD, Morrison TC 

Department of Molecular Genetics and Microbiology, University of Massachusetts Medical School 55 
Lake Avenue North, Worcester, Massachusetts 0 1 532, USA. 

Paramyxovirus fusion proteins have two heptad repeat domains, HR1 and HR2, that have been 

coiled col ^^Zr^ ° f Pr ° tein - PeptideS fr ° m ^ ^ domains form a six-stranded, 
coiled-coil with the HR1 sequences forming a central trimer and three molecules of the HR2 helix 

Prof IT A" hT^tTca 1 ^ 11 6 CCntral tfimer (Baker et al ' 1999 ' MoL Cel1 3 > 309 ; Zha ° et al. 2000, 
th. Mewl «°f SC1 - USA 97 '. 14172 > Nonconservative mutations were made in the HR2 domain of 
E™S ™ T G l imS Pr0tem k residues that are likel y t0 form c ™tacts with the HR1 core 
trimer. These residues form the hydrophobic face of the helix and adjacent residues ("a" and "g" 
positions m the HR2 helical wheel structure). Mutant proteins were characterized for effects on 
T^ 6S1S ; f* dy - State j evels '. Phytic cleavage, and surface expression as well as fusion activity as 
measured by syncytia formation, content mixing, and lipid mixing. While all mutant proteins were 
SSnT ^ P roteoI y ticall y cleaved > ^se mutations did variously affect fusion activity of 
fte protem. Nonconserva ive mutations in the "g" position had no effect on fusion. In contrast, single 
changes in the middle "a" position of HR2 inhibited lipid mixing, content mixing, and syncytia 
™STt ^-^ e ™ Utation in more carboxyl-terminal "a" position had minimal effects on lipid 
EX m?2 f "l 1Xing md SynCytia fonnation - These results are consistent with the idea 

that the HR2 domain is mvolved m posttranslational interactions with HR1 that mediate the close 
approach of membranes. These results also suggest that the HR2 domain, particularly the carboxvl- 
terminal region, plays an additional role in fusion, a role related to content mixing and svncvtia 
formation. Copyright 2001 Academic Press. 8 ^yncyxia 
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enzyme to free the virus from the cell surface. The recep- 
tor for CDV and other morbilliviruses is not yet known. 

The structure of the Pneumovirus attachment protein 
(G) is very different from the attachment protein of the 
Paramyxovirinae. The RSV G protein has neither hemag- 
glutinating nor neuraminidase activity. The nucleotide 
sequence of the RSV G gene predicts that the protein is 
of about 289 to 299 amino acids (M r 32,587), and it is a 
type II integral membrane protein with a single N-termi- 
nal hydrophobic signal/anchor domain (247,289). The G 
protein is found in virus-infected cells in both membrane- 
bound and proteolytically cleaved soluble forms. The dis- 
tinguishing feature of the RSV G protein is the extent of 
its carbohydrate modification. On SDS polyacrylamide 
gel electrophoresis, the protein migrates with an apparent 
M r of about 84,000 to 90,000, and the dramatic increase 
in molecular weight over that predicted for the polypep- 
tide chain is because 8 to 12 kd is caused by the addition 
of N-linked carbohydrate (four potential addition sites) 
and 40 to 50 kd is caused by the addition of O-linked gly- 
cosylation (77 potential acceptor serine or threonine 
residues; 30% of total residues) (44,290, and references 
therein). Quite remarkably, it appears the RSV G protein 
is not essential for virus assembly or growth in tissue cul- 
ture or animals, but it does confer a growth advantage. A 
virus that had been extensively passaged- in cells was 
found to contain a spontaneous deletion of the G and SH 
genes (146), yet the virus replicated in Vero cells. In addi- 
tion, the G gene has been deleted from recombinant virus 
recovered from an infectious cDNA clone (see Chapter 
45). These finding suggest that RSV has an alternative 
mechanism for attachment to cells that does not involve 
G protein. 

Fusion Protein 

The Paramyxovirus fusion (F) proteins mediate viral 
penetration by fusion between the virion envelope and the 
host cell plasma membrane, and this fusion event occurs 
at neutral pH. The consequence of the fusion reaction is 
that the nucleocapsid is delivered to the cytoplasm. Later 
in infection, the F proteins expressed at the plasma mem- 
brane of infected cells can mediate fusion with neighbor- 
ing cells to form syncytia (giant cell formation), a cyto- 
pathic effect that can lead to tissue necrosis in vivo and 
might also be a mechanism of virus spread. 

Paramyxovirus fusion proteins are synthesized as an 
inactive precursor (Fo) that is cleaved by a host-cell pro- 
tease. This releases the new N-terminus of Fi, thus form- 
ing the biologically active protein consisting of the disul- 
fide-linked chains Fi and F 2 (128,250). The 
Paramyxovirus F genes encode 540 to 580 residues (see 
Fig. 13). The F proteins are type I integral membrane pro- 
teins, which span the membrane once and contain at their 
N-terminus a cleavable signal sequence that targets the 
nascent polypeptide chain synthesis to the membrane of 



the ER. At their C-termini, a hydrophobic stop-transfer 
domain (a TM domain) anchors the protein in the mem- 
brane, leaving a short cytoplasmic tail (about 20 to 40/ 
residues). Comparison of the amino acid sequences of 
Paramyxovirus F proteins (reviewed in ref. 192) does not 
show overall major regions of sequence identity, but the 
similar placement of cysteine, glycine, and proline 
residues together with the overall hydrophobicity of the J 
proteins suggests a similar structure for all F proteins 
The Respirovirus and Rubulavirus F 2 and Fi subunits ar$ 
glycosylated and there are a total of three to six potential 
sites for the addition of N-linked carbohydrate. For SVJ 
F protein, it is known that all four potential sites for addi- 
tion of N-linked carbohydrate are used (7). The Morbil- 
livirus F protein contains three sites in the F 2 subunit for 
N-linked carbohydrate addition, and all three sites are 
used, and there are no sites in Ft for N-linked carbohy- 
drate addition (2). 

Protein sequencing studies of the F protein and 
nucleotide sequencing studies of the F genes have indi- 
cated that the N-terminal 25 residues of Fi (fusion pep- 
tide) are extensively hydrophobic and this region of the F 
protein is highly conserved among F proteins of the 
Paramyxovirinae (up to 90% identity) (Fig. 15). The 
Paramyxovirus fusion peptides are thought to intercalate 
into target membranes, initiating the fusion process, and 
evidence for direct insertion into bilayers has been 
obtained using hydrophobic photoaffinity labeling probes ; 
(204). It has also been shown that the fusion peptides are 
sufficiently hydrophobic that they can act as a TM anchor ; 
domain to convert a formerly soluble protein to a mem- 
brane-bound form (210). The invariant nature of many of \ 
the residues of the fusion peptide between Paramyxovirus 
F proteins suggests a role more complex than present 
tion of hydrophobic residues required for a membrane- 
intercalating domain; neither signal sequences nor mem- 
brane anchorage domains show sequence conservation 
beyond their hydrophobic nature. It has been noted that if 
the fusion peptide is assumed to be an a-helix, then the 
invariant residues are located on one face of the helix 
(255). Interestingly, in a study on the conserved residues 
of the fusion peptide when the glycine residues at posij- 
tion 3, 7, or 12 were changed to alanine, and the altered F 
proteins expressed, a dramatic increase in syncytium fori, 
mation was observed (130). Thus, the invariant amino, 
acids in the fusion peptide may preserve a balanef 
between high fusion activity and successful viral replica| 
tion, as high fusion activity is deleterious to cell viability 

The fusion proteins of several widely disparate viru 
share several important common features. The Param 
ovirus F protein, the human and simian immunod 
ciency virus (HIV and SIV) gpl60, Ebola virus GP, 
influenza virus hemagglutinin (HA) protein all M 
homotrimers (26,39,85,237,296) that must be proteo 
cally cleaved to be biologically active (144,153,250)'/ 
resulting TM domain-containing subunits (Pa 
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Fusion peptide 




FIG. 15. Sequence alignment of the fusion peptide and the heptad repeats HRA and HRB of the SV5 
F protein with that of other paramyxoviruses. Conserved residues among members of the Paramyx- 
ovirinaeQ.e., not including hRSV) are shaded light gray and residues with similar properties (hydropho- 
bic or charged) are shaded dark gray Those residues that are also conserved in HRSV, which is evo- 
lutionary distant from other paramyxoviruses, are indicated in the HRSV sequence with the appropriate 
shading. Letters immediately above the sequence indicate the predicted hydrophobic heptad repeat a 
and d residues. The predicted heptad is incorrect for residues 175 to 184, and the observed a and d 
residues in the atomic structure (see Fig. 16) are indicated above the predicted repeat and underlined. 
Asterisks indicate N-linked carbohydrate sites for the SV5 F protein. The SV5 sequence is numbered. 
NDV, Newcastle disease virus; HRSV, human respiratory syncytial virus. (Adapted from ref. 8, with per- 
mission.). 



\ (i ovirus F, Fi; HIV gpl60, gp41; Ebola GP, GP2; influenza 
HA, HA2), contain a hydrophobic fusion peptide at the 
J! new N-termini, which has been shown to insert into the" 
-g target membrane during the fusion process (4,65,104, 
l| 118). Additionally, two 4-3 heptad repeat regions are pre- 
fj sent in each of these fusion proteins, one near the fusion 
peptide and one in close proximity to the TM domain 
*(20,38). These regions are thought to be important in the 
-/fusion reaction, as mutations within these domains fre- 
quently lead to a fusion-deficient phenotype (29,42,240, 
''254), and peptides corresponding to these regions have 
•been demonstrated to block the fusion process (139,142, 
1,65, 1 77, 1 96,229,293,294,297,300). 
I The atomic structure of uncleaved and cleaved 
|iriluenza virus HA are known (40,296). However, this is 
pt the case for the intact glycoproteins HIV-1/SIV 
T60, Ebola virus GP, or the Paramyxovirus F protein, 
owever, biochemical, EM, nuclear magnetic resonance, 
x-ray crystallographic analyses of most of HA 2 (22), 
"ons of HIV-1/SIV gp41 (12,25,39,177,264,286,287), 
ortion of a retrovirus Env-TM domain (85), and most 
Ebola virus GP2 (178,285) indicate that their heptad 
peat regions show considerable similarity in that they 
form trimeric coiled coils, with the N-terminal heptad 
■at forming an interior, trimeric coiled coil sur- 
ded by three antiparallel helices. This structure has 
suggested to represent the final, most stable form of 
protein, present either during or subsequent to mem- 



brane fusion, with peptide inhibitors most likely func- 
tioning by preventing formation of this core (12,177). 

The Paramyxovirus F protein membrane proximal sub- 
unit (Fi) differs from that of HA 2 , gp41, Env-TM, and 
GP2 because its ectodomain is much larger in size (383 
residues versus 120 to 185 residues). Fi contains two hep- 
tad repeat regions, one (HRA) adjacent to the fusion pep- 
tide and the other (HRB) adjacent to the TM domain (see 
Fig. 13). In contrast to the HA 2 , gp41, Env-TM, and GP2 
just described, where heptad repeats are separated only by 
small spacer regions, in paramyxoviruses about 250 
residues separate the heptad repeat regions. Nonetheless, 
biochemical and EM analysis indicated that the Paramyx- 
ovirus heptad repeat peptides form a rod-shaped structure 
approximately 96 A in length. Peptides (N-l) derived 
from HRA form a three-stranded oc-helical coiled coil 
around which three peptides (C-l) derived from HRB are 
packed in an antiparallel manner. The N-terminus of N-l 
and the C-terminus of C-l are localized to the same end 
of the rod, placing the fusion peptides and TM domains 
close together (77,142). These biochemical data were 
confirmed by solving the crystal structure of the SV5 Fi 
N-l/C-1 complex to 1.4 A resolution (8). The 64 amino 
acids of N-l fold into an 18 -turn a-helix stretching the 
entire length of the coiled coil. The C-terminal 25 
residues of C-l form a seven-turn amphipathic a-helix, 
whereas amino acids 440 to 450 form an extended chain 
(Figs. 16 and 17). 
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FIG. 16. The SV5 F1 core trimer structure. The complete 
SV5 F1 core trimer is shown. The central HRA (N-1) trimeric 
coiled coil is shown in dark gray and the buttressing antipar- 
allel HRB (C-1) helices are shown in light gray. (Adapted 
from ref. 8, with permission.) 



Despite the similarity of core structure among these 
viral fusion proteins, there are important differences : 
between the Paramyxovirus F proteins and other viral 
fusion proteins. Unlike influenza virus HA protein and 
HIV gpl60, the Paramyxovirus F protein does not pro- 
vide the primary binding role for the virus: Paramyx- 
ovirus primary binding to a target cell is mediated by the 
HN glycoprotein. However, as mentioned before, at least 
two Pammyxoviridae F proteins, those of Sendai and 
RSVs, appear to have attachment activity. 

A large body of evidence suggests that viral fusion 
proteins undergo a conformational change to become 
fusion active (reviewed in ref. 117). For influenza virus 
HA, the cleaved HA (296) exists in a metastable confor- 
mation, trapped from achieving its lower-energy ft 
genie conformation by a kinetic barrier. During virus 
uncoating in endosomes, the low pH environment of the 
endosomal lumen triggers a conformational change in 
HA, in which two separate a-helical regions in HA2 (296) 
rearrange to form a single triple-stranded coiled coil 
(22,41). After this conformational change, the fusion 
peptide is relocated by about 100 A to one end of the rod- 
shaped coiled coil (22): the basis of the "spring-loaded 
mechanism" of fusion (30). For HIV-1 gpl20/gp41 and 
retrovirus Env-SU+Env-TM, binding to the viral receptor 
may induce the conformational change to release the 
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FIG. 17. Comparison of the SV5 F1 core trimer to other viral fusion protein structures. The proteins 
under comparison include the low-pH-induced influenza virus HA, tBHA 2 , (22,41), HIV gp41 (39), 
murine Moloney leukemia virus Env-TM protein (85), and Ebola virus GP2 (285). The interior coiled coil 
is dark gray and the exterior polypeptide is light gray. Top and side views are shown for each molecule. 
(Adapted from ref. 8, with permission.) 



41. Paramyxoviridae I 1323 



fusion peptide (65,91,189). The trigger for the putative 
conformational changes of Paramyxovirus F proteins is 
unknown, although as described later for many paramyx- 
oviruses there is a requirement for HN in mediating the 
fusion reaction (reviewed in ref. 161). 

Although the Paramyxovirus F protein is the principal 
viral glycoprotein involved in virus-cell and cell-cell 
fusion, the emerging picture indicates the presence of a 
complex biologic machine. The SV5, measles virus, or 
RSV F cDNAs when expressed in mammalian cells cause 
syncytium formation (1,2,131,143,206,209,214), although 
it is important to note it is likely that many more cells 
express the F protein than are found in multinucleated cells 
(209). However, for many other paramyxoviruses includ- 
ing NDV, hPIV-2, hPIV-3, bPIV-3, mumps virus, and CDV 
(37,78,131,135,191,242,271,295,298) coexpression of F 
and HN (H for the morbilliviruses) is required for syn- 
cytium formation. Furthermore, there is a requirement that 
the homologous (i.e., of the same virus) HN, and not a het- 
erologous HN, be coexpressed in the same cell (131,135, 
253). Thus, it has been suggested that a type-specific inter- 
action occurs between the HN and F protein that is neces- 
sary for fusion to occur (135,161,253). A great deal of 
effort has been spent to map the regions of F and HN that 
interact. Mutations have been identified in the HN globu- 
lar domain (68,188), stalk region (253,260,302), and TM 
anchor (17,185) that decrease or abolish fusogenic activity 
with no effect on receptor recognition. Analysis of the 
fusion-promoting activity of chimeric HN molecules 
derived from different paramyxoviruses suggests that both, 
the TM domain (with much of the stalk region) and parts ' 
of the globular head impart F specificity (70,265,278). 
Coimmunoprecipitation assays also indicate that F and HN 
can exist in a complex (259,298), and that for hPIV-3, F 
and HN undergo antibody-induced co-capping indicative 
of protein complex formation (298). Perhaps most intrigu- 
ingly, a point mutation was found in the NDV HN globular 
head that abolishes both its receptor recognition and neu- 
raminidase activity, and that also abolishes its ability to 
interact with F in coimmunoprecipitation assays (69). 
These latter data suggest that HN interacts with F only 
after binding its receptor. 

A model that would rationalize the involvement of HN 
(or H) in fusion promotion is one in which the hypothe- 
sized conformational change in F to release the fusion 
; peptide is highly regulated. For those Paramyxovirinae 
' that require HN (or H) and F to be coexpressed to observe 
fusion, the first step would be the binding of HN (or H) 
to its receptor. On binding ligand, the HN (or H) protein 
would undergo its own conformational change, which in 
turn could trigger a conformational change in F to release 
the fusion peptide. In this way, F and HN operate as a 
coupled molecular scaffold to release and direct the 
fusion peptide to the target membrane (reviewed in ref. 
161). Examination of mutants of SV5 F protein that 
quire coexpression of HN to mediate fusion indicates 
t the HN function for F protein triggering can be sup- 



planted by providing energy from raising the tempera- 
ture, suggesting that the F-HN interaction provides 
energy to convert cleaved F from a metastable form to a 
fusogenic form (213). 

Cleavage Activation 

As discussed, the precursor Fo molecule is biologically 
inactive and cleavage of Fo to the disulfide linked sub- 
units Fi and F 2 activates the protein, rendering the mole- 
cule fusion-active and permitting viral infectivity. Thus, 
cleavage of Fo is a candidate to be a key determinant for 
infectivity and pathogenicity, and for certain viruses this 
appears to be the case. Proteolytic activation of Fo 
involves the sequential action of two enzymes, the host 
protease that cleaves at the carboxyl side of an arginine 
residue, and a host carboxypeptidase that removes the 
basic residues. The Paramyxoviridae can be divided into 
two groups: those that have F proteins with multiple basic 
residues at the cleavage site and those with F proteins that 
have a single basic residue at the cleavage site (Table 3). 
Cleavage of F proteins containing multiple basic residues 
at the cleavage site occurs intracellularly during transport 
of the protein through the trans Golgi network. 

Furin is a cellular protease localized to the trans Golgi 
network, and its sequence specificity for cleavage is R-X- 
K/R-R. The available evidence suggests that furin, a sub- 
tilisin-like endoprotease, is the (or one of the) protease(s) 
that cleaves F proteins intracellularly (207; reviewed in 
ref. 153). 

Paramyxoviruses that have F proteins with single 
basic residues in the cleavage site (e.g., Sendai virus) 
are not usually cleaved when grown in tissue culture 
and, thus, only a single cycle of growth is obtained. 
However, the F 0 precursor that is expressed at the cell 
surface and incorporated into released virions can be 
cleavage-activated by the addition of exogenous pro- 
tease (250), leading to multiple rounds of replication. 



TABLE 3. Amino acid sequences upstream of the F protein 
cleavage site of some members of the Paramyxoviridae 



Sendai virus 


G 


V 


P 


Q 


S 


R i 


hPIV1 


D 


N 


P 


Q 


S 


R I 


hPIV3 


D 


P 


R 


T- 


K 


R i 


SV5 


T- 


R- 


R 


R 


R 


R I 


Mumps 


S 


R 


R 


H 


K 


R i 


NDV (virulent strain) 


G 


R 


R 


Q 


R 
K 


R 1 


NDV (avirulent strain) 


G 
E 


G 


K 
R 


Q 




Ri 


Measles 


S 


R 


R 


iH 


-K 


Rl 


RSV 


K 


- K 


R 


K 


R 


Rl 



Consensus sequence for furin protease cleavage is 



R-X-|-Rl 

Data from Hosaka et al. (125). 
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Purification of a protease from the allantoic fluid of 
embryonated chicken eggs has indicated that the endo- 
protease responsible for Sendai virus activation is 
homologous to the blood clotting factor Xa, a member 
of the prothrombin family (100,102). A protease with a 
similar substrate specificity is secreted from Clara cells 
of the bronchial epithelium in rats and mice, and this 
enzyme is probably responsible for activating paramyx- 
oviruses in the respiratory tract. For NDV, the nature of 
the cleavage site correlates with virulence of the virus. 
Those strains with multiple basic residues in the Fo 
cleavage site are virulent and readily disseminate 
through the host, whereas those strains with Fo mole- 
cules having single basic residues are avirulent and tend 
to be restricted to the respiratory tract where the neces- 
sary secreted protease can be found (199). 

Other Envelope Proteins 

The rubulaviruses SV5 and mumps virus both contain 
a small gene located between F and HN, designated SH 
(122,123). The SV5 SH protein is a 44-residue, type II 
integral membrane protein that is expressed at the plasma 
membrane and is packaged in virions (see Fig. 12). The 
functional role of SH in the replicative cycle of SV5 is 
unknown, and in tissue culture cells it can be deleted 
from an infectious cDNA and recombinant SV5 recov- 
ered (111). For mumps virus, although an mRNA tran- 
script derived from the SH gene has been detected 
(81,82), identification of the SH protein was accom- 
plished only recently (262). " ^ < 

Members of the Pneumovirinae also encode an SH 
protein. The RSV SH protein contains 64 amino acids 
and is expressed at the plasma membrane of RSV- 
infected cells as a type II integral membrane protein, and 
it is packaged in virions (49,205). In RSV-infected cells, 
four SH-related polypeptide species have been identified: 
The M r 4,800 species is thought to result from the initia- 
tion of protein synthesis at an internal AUG codon; the 
M r 7,500 species is unglycosylated SH; the M r 13,000 to 
15,000 species is SH containing one high mannose N- 
linked carbohydrate chain; and the M r 21,000 to 30,000 
species is generated by the addition of polylactosamino- 
glycan to the N-linked carbohydrate chain (3,205). The 
SH gene was found to be deleted spontaneously from a 
virus passaged extensively in vitro (146), and it has been 
deleted from recombinant RSV (21) with only minor 
alterations in virus growth properties in tissue culture 
cells, or in the respiratory tract of mice or chimpanzees. 
Thus, the role of the SH protein in the RSV life cycle is 
not understood. 

Pneumovirus M2 Gene 

The RSV M2 gene contains two partially overlapping 
ORFs, designated M2-1 and M2-2, which give rise to 



two proteins, M2.-1 (194 amino acids) and M2-22 
amino acids), respectively (47). The mechanism- 
translating the M2-2 ORF is not clear, but it may invo 
a ribosomal stop-restart mechanism analogous to/ 
used for synthesis of the influenza B virus BM2 prof, 
(132) (see Chapter 46). The M2-1 protein is an esse 
transcriptional elongation factor (45,87), and in. 
absence the polymerase does not transcribe beyond 
NS1 and NS2 genes (87). The M2-1 gene also iner~ 
RNAP processivity across the gene junctions, attenu 
ing transcriptional termination (87,106,107). The M- 
gene is not essential for RSV growth, as it can- 
deleted from a recombinant RSV (11,140). Howe* 
the AM2-2 virus grows slowly in tissue culture and the'' 
is an increase in transcription and decrease in 
replication (11,140), suggesting that M2-2 protein- 
involved in regulating transcription and RNA repli - 
tion. 



Pneumovirus NS1 and NS2 Genes 

The RSV NS1 (139 amino acids) and NS2 (124 a~ 
acids) are considered to be nonstructural prote' 
although the difficulty in purifying virions from con" 
inating infected-cell debris for this poorly growing vie! 
makes this assignment provisional. Neither protein is 
thought to be essential for virus growth in cultured eel IP 
or in chimpanzees, as the genes can be deleted from 
recombinant RSV, but growth in vitro and in viv'd\l 
reduced substantially (19,273,292). In a minireplicf 
system, when NS1 was expressed, it was inhibitory 
both transcription and replication (5), and expression 
NS2 at high levels had a small inhibitory effect on traj* 
scription and replication (272). Thus, the role of th; ! 
accessory proteins in the RSV life cycle remains to t 
fully understood. ;J 



STAGES OF REPLICATION 

As far as is known, all aspects of the replication 6 
Paramyxoviridae take place in the cytoplasm, 
overview of the life cycle of the virus is sh" 
schematically in Figure 18, and a diagram indicati 
the differences between transcription and replicatipri| 
shown in Figure 19. Unlike in influenza viruses, 
synthesis in Paramyxoviridae is insensitive to D ., 
intercalating drugs such as actinomycin D (reviewed; 
ref. 43), and the Paramyxoviridae can replicate in e' 
cleated cells (221). In cell culture, single-cycle gro 
curves are generally of 14 to 30 hours duration, but 
can be as short as 10 hours for virulent strains of 
The effect of viral replication on host macromol 
synthesis is quite variable, ranging from almost? 
plete shutoff late in infection for NDV, to no 6b 
effect with SV5. 
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Heptad repeat sequences are located adjacent to hydrophobic regions in 
several types of virus fusion glycoproteins 

Philip Chambers, Craig R. Pringle and Andrew J. Eastern* 

Department of Biological Sciences, University of Warwick, Coventry CV4 7AL, U.K. 



Extensive regions of heptad repeat units consistent 
with an a-helical coiled coil conformation are located 
adjacent to hydrophobic, potentially fusion-related 
regions in the amino acid sequences of paramyxovirus 
fusion and retrovirus envelope glycoproteins. Similar 
arrangements of hydrophobic peptides and heptad 



repeat units exist in coronavirus peplomer proteins and 
influenza virus haemagglutinins. This suggests that 
there may be similarities in the structures of these 
proteins and in the functions of the hydrophobic 
fusion-related regions during virus entry. 



It has been proposed that many transmembrane 
proteins may include sections of a-helical coiled coil, in 
which two or more a-helices associate lengthwise by 
coiling around each other to maintain contact along 
hydrophobic faces (Cohen & Philips, 1981; Cohen & 
Parry, 1986). Coiled coils may form in proteins where 
extensive regions that are devoid of potential helix- 
breaking prolines occur, and consist of seven residue 
(heptad) repeats of amino acids in a sequence periodicity 
(a b c d e f g) in which the side-chains of amino acids in 
positions a and d are predominantly bulky and hydro- 
phobic or neutral. These features in amino acid 
sequences are capable of generating hydrophobic faces 
on each interacting a-helix, within or between polypep- 
tide chains (Cohen & Parry, 1986; McLachlan & Karn, 
1983). The structures of two oligomeric transmembrane 
glycoproteins, the influenza virus haemagglutinin (HA) 
and the trypanosome variable surface glycoprotein, 
include elements of such a supersecondary structure 
(Wilson et al, 1981, Freymann et ah, 1984). Coronavirus 
peplomer glycoproteins may also contain such a structure 
(de Groot et al, 1987). 

We have determined the nucleotide and deduced 
amino acid sequences of cDN A clones from pneumonia 
virus of mice, a paramyxovirus classified in the genus 
Pneumovirus (Chambers et al., 1990). A region containing 
heptad repeat units was detected in the amino acid 
sequence of the fusion glycoprotein (Fig. 1). The heptad 
repeat pattern is conserved in the amino acid sequence of 
the fusion glycoprotein of another pneumovirus, human 
respiratory syncytial virus, and also in the amino acid 
sequences of the fusion glycoproteins of members of the 
more distantly related Paramyxovirus and Morbillivirus 
genera of the family Paramyxoviridae (Fig. 1). The 



heptad repeat regions are relatively poor in glycines, 
contain no helix-breaking prolines and charged amino 
acid side-chains are scattered in all heptad positions 
except a and d. The heptad repeat pattern, shown in Fig. 
1, is located in the Fl portion of the paramyxovirus 
fusion glycoproteins, adjacent to the hydrophobic amino 
terminus (Fig. 2). Furthermore, the heptad regions of the 
paramyxovirus fusion glycoproteins shown in Fig. 1 
represent that part of the protein which is most similar 
between paramyxoviruses and pneumoviruses (Fig. 3 in 
Chambers et al., 1986). A second region of similarity, 
which is located near the transmembrane domain, also 
consists of heptad repeats and is discussed below 
(Buckland & Wild, 1989). 

This comparison was extended to the cleavage/activa- 
tion sequences of retroviruses because similarity between 
the amino terminus of Fl of respiratory syncytial virus 
and the envelope glycoprotein of human immuno- 
deficiency virus has been suggested (Gallaher, 1987). A 
region of heptad repeat units has been located on the 
carboxy-terminal side of the retroviral cleavage site (Fig. 
1 and 2). These heptad repeats commence approximately 
20 to 40 amino acids from the cleavage sites in 
paramyxoviruses and the oncovirus and lentivirus 
subgroups of the retroviruses. For consistency between 
the oncovirus and lentivirus sequences, heptad positions 
a and d are indicated only in the region where most of the 
aligned residues have bulky side-chains (Cohen & Parry, 
1986). Several other paramyxovirus fusion and retrovirus 
envelope glycoprotein sequences have also been exam- 
ined; that of equine infectious anaemia virus shown in 
Fig. 1 is the only sequence identified thus far that 
contains a charged amino acid residue at any of the 
heptad positions a or d. Although this is probably un- 
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Fig. 1 . Amino acid sequences of hydrophobic and adjacent heptad repeat regions in virus fusion glycoproteins. A gap has been inserted 
into all of the sequences to separate the regions of heptad repeats (to the right of the gap) from the regions containing hydrophobic 
peptides. 1 to 6, Paramyxovirus fusion proteins; 7 to 14, retrovirus envelope proteins; 15 to 17, coronavirus peplomer proteins; 18 to 20 
influenza virus haemagglutinins. Sequences 1 to 14 and 18 to 20 commence at the known or deduced cleavage/activation sites of the 
glycoproteins. 1. Measles virus (genus Morbillivirus) residues 113 to 195, Richardson et al. (1986). 2. Simian virus 5 (genus 
Paramyxovirus), residues 103 to 185, Paterson et al. (1984). 3. Newcastle disease virus (genus Paramyxovirus), residues 117 to 199, 
Chambers et al. (1986). 4. Sendai virus (genus Paramyxovirus), residues 1 17 to 199, Blumberg et al. (1985). 5. Respiratory syncytial virus 
(genus Pneumovirus), residues 137 to 212, Collins et al. (1984). 6. Pneumonia virus of mice (genus Pneumovirus), residues 102 to 177 P. 
Chambers et al. (unpublished results). 7. Moloney leukaemia virus (genus Oncovirus), residues 470 to 555, Shinnick et al. (1981) 8 Rous 
sarcoma virus (genus Oncovirus), residues 404 to 493, Hunter et al. (1983). 9. Human T cell leukaemia virus type 1 (genus Oncovirus), 
residues313to393,Seiki«a/.(1983). 10. Simian retrovirus type 1 (genus 0/ic 0 «£n«),residues4t4to494,Power«o/. (1986). ll.Human 
immunodeficiency virus (genus Lentivirus), residues 517 to 603, Wain-Hobson et al. (1985). 12. Visna virus (genus Lentivirus), residues 
657 to 745, Sonigo et al. (1985). 13. Equine infectious anaemia virus (genus Lentivirus), residues 446 to 535, Rushlow et al. (1986) 14 
Human spumavirus (genus Spumavirus), residues 569 to 694, Flugel et al. (1987). 15. Transmissible gastroenteritis virus, residues 999 to 
1077, Rasschaert & Laude (1987). 16. Murine hepatitis virus, residues 822 to 899, Schmidt el al. (1987). 17. Infectious bronchitis virus, 
residues 734to811,Binns« al. (1985). 18. Influenza A virus, residues 346 to 457, Verhoeyen et al. (1980). 19. Influenza B virus residues 
362 to 473, Krystal et al. (1982). 20. Influenza C virus, residues 446 to 557, Nakada et al. (1984). For convenience, heptad regions are 
aligned on the first position of the most plausible series following the hydrophobic peptides, except in the influenza haemagglutinins (18 
to 20) where this first position is not part of the shorter stem helix (Wilson et al., 1981). Residues in heptad positions a and d are in larger 
type. The asterisk in the visna virus sequence (12) corresponds to a stop codon presumed by Sonigo et al. (1 985) to result from clonine of 
a defective genome. 



favourable, there are many precedents for the presence 
of polar (N and Q) or charged (K, R or E; D is rare) 
amino acid side-chains in heptad positions a or d 
(McLachlan &Karn, 1983). Statistically, there is a highly 
significant association by the x 2 test of hydrophobic 
amino acids (I, L, V, M, F and Y) in heptad positions a 
and d for paramyxovirus and retrovirus sequences in the 
regions indicated in Fig. 1 (data not shown). It seems 
unlikely that the regions of heptad repeats described 
above are present by chance in all of these glycoproteins 
because extensive patterns of heptad repeats have not 
been detected in multiple alignments of other paramyxo- 
virus proteins (Rima, 1 989) or in alignments of sequences 



from proteins of known non-coiled coil structure (influ- 
enza virus HA head region, Hiti et al., 1981; influenza 
virus neuraminidase, Air et al., 1985; haemoglobin, 
Barton & Sternberg, 1987). 

Potential long a-helices formed by these heptad repeat 
regions may be terminated at the site of the first proline 
residue, which is conserved in most of the paramyxovirus 
sequences, or the paired glycines, the presence and 
approximate location of which are conserved in most of 
the retroviral sequences. These potential breaks are 
closely followed by conserved cysteines which may be 
involved in disulphide bond formation with the other 
peptide of the fusion protein monomer (Buckland et al., 
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Fig. 2. Location of hydrophobic and heptad repeat regions in virus fusion glycoproteins. Also shown are the predicted probabilities of 
a-helix and /?-sheet structure (Gamier elal., 1978) and the hydrophobicity profiles (Hopp & Woods, 1981), with a window of 20 residues, 
determined using the Microgenie sequence analysis program (Beckman Instruments). The key beneath the figure indicates the scale, 
cleavage/activation sites, heptad repeat regions and hydrophobic signal, transmembrane and potential fusion-related regions. A 
representative paramyxovirus (Newcastle disease virus, a), retrovirus (Rous sarcoma virus, b), coronavirus (infectious bronchitis virus, 
c) and influenza A virus (A/Aichi/2/68. d) is indicated. From the amino terminus at the left, the Newcastle disease virus protein is 
cleaved into F2 and Fl portions the Rous sarcoma virus protein is cleaved into gp85 and gp37 portions, the infectious bronchitis virus 
protein is cleaved into SI and S2 portions and the influenza A virus protein is cleaved into HA1 and HA2 portions. For display purposes, 
a break has been introduced into the infectious bronchitis virus SI portion, which is 537 amino acids in length. H, Signal sequence; ▼, 
cleavage site; ■. transmembrane region; H, heptad region; □, fusion-related region. 



1987; Shinnick era/., 1981). The spumavirus subgroup of 
the retroviruses differs somewhat in that a rather longer 
region of heptad repeats commences 49 residues from the 
proposed cleavage site (Fig. 1). Paramyxovirus fusion 
glycoproteins and retroviral envelope glycoproteins are 
thought to be oligomeric (Sechoy et al, 1987; Pinter & 
Fleissner, 1979; Pepinsky et al, 1980) and therefore 
regions of heptad repeats may be of great structural 
importance if they form a-helical coiled coils between the 
subunits. 

Heptad repeat regions have also been described in 
coronavirus peplomer glycoprotein sequences (de Groot 
et al., 1987). For simplicity, coronavirus sequences are 
displayed in Fig. 1 showing the phasing of heptads 
adjacent to the hydrophobic regions described below, 
extending only until it becomes necessary to position 
gaps to align similar sequences. A further parallel 
between the coronavirus peplomer and paramyxovirus 
fusion glycoprotein sequences is the presence of a second 
series of heptad repeats immediately adjacent to the 
presumed transmembrane domain of all of these glyco- 
proteins (de Groot et al., 1987 ; Buckland & Wild, 1989). 



The corresponding regions of the paramyxovirus fusion 
proteins contain heptad repeats which have been likened 
to a leucine zipper motif (Buckland & Wild, 1989; 
Landschultz et al., 1988), which may form part of a 
helical bundle, interacting with the longer heptad regions 
shown in Fig. 1 to stabilize the base of fusion protein 
oligomers. This has been proposed for coronaviruses and 
is demonstrated in the trypanosome variable surface 
glycoprotein (de Groot et al., 1987; Freymann et al, 
1984). Retrovirus envelope glycoprotein sequences also 
contain short regions predicted to be helical adjacent to 
the transmembrane domain but no extended patterns of 
heptads are conserved. 

Hydrophobicity and predicted a-helical and j5-sheet 
structure profiles of representative paramyxo-, retro-, 
corona- and influenza viruses are shown in Fig. 2. The 
heptad repeat regions are predicted to be largely a-helical 
in all these cases (and also for other representatives of 
these virus groups; not shown). Studies using circular 
dichroism also suggest that paramyxovirus fusion pro- 
teins contain large amounts of a-helical secondary 
structure (Hsu et al, 1982). The heptad regions of 
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paramyxovirus fusion and coronavirus peplomer glyco- 
proteins are reasonably hydrophilic despite the regular 
pattern of hydrophobic amino acids in positions a and d, 
consistent with the formation of an extended structure 
(Cohen & Parry, 1986). The heptad regions of some 
retroviruses, for example human immunodeficiency 
virus (not shown), are somewhat more hydrophobic, 
suggesting that they may be less exposed to solvent than 
those of the other examples shown. 

Heptad repeat regions have been detected in several 
other virus glycoprotein sequences. Glycoprotein gB of 
herpes simplex virus, and its homologues in other 
herpesviruses, contains a short run of heptad repeats that 
continues into a non-heptad region predicted to be 
helical (herpes simplex virus residues 502 to 546; Bzik et 
al, 1984; Pellett et al, 1985); in arenaviruses the 
glycoprotein precursor contains a reasonably long run of 
heptad repeats with a high prediction of an a-helix (Lassa 
virus residues 309 to 346; Auperin et al, 1986). Again, 
residues adjacent to membrane-associated regions are 
hydrophilic and predicted to be in a helical conformation 
(not shown). 

Hydrophobic regions thought to be involved in virus 
entry and cell fusion are located between the cleavage/ac- 
tivation site and the heptad repeat regions in both 
paramyxo- and retroviruses (Fig. 2). Similarity can be 
detected amongst all paramyxoviruses if gaps are 
inserted into the pneumovirus sequences (Fig. 1). These 
hydrophobic regions also have sequences consistent with 
predictions of an a-helix (Server et al., 1985 ; Richardson 
et al, 1986) but, if the heptad pattern is simply extended 
back towards the cleavage site, positions a and d would 
be predominantly occupied by glycine or alanine rather 
than the bulkier hydrophobic residues preferred in these 
positions in cc-helical coiled coils (Cohen & Parry, 1986). 
In contrast, the hydrophobic sequences between clea- 
vage sites and the heptad repeat regions of the retroviral 
glycoproteins are quite diverse. Cleavage is not required 
for fusion activity of coronaviruses and there is no 
hydrophobic region adjacent to the cleavage site (Spaan 
etal., 1988). There is, however, a hydrophobic region on 
the amino-terminal side of the longer area of heptad 
repeats, as in paramyxovirus and retrovirus glycopro- 
teins (Fig. 1 and 2). By analogy to paramyxo- and 
retroviruses, these regions may function in virus entry 
and cell fusion. These hydrophobic regions in the retro- 
and coronavirus glycoproteins are usually rich in alanine 
and turn-inducing amino acid residues (glycines or 
prolines). 

These predicted features have some similarities to the 
known structure of the influenza virus HA, the virus 
fusion protein (Huang et al., 1980). The HA is a trimer 
built around a bundle of o-helices. It is primed for 
function by proteolytic cleavage which generates a new, 



glycine-rich, hydrophobic amino terminus on the HA2 
peptide (Fig. 2) but is not proficient in fusion until a 
conformational change is induced by incubation at acid 
pH (Wilson etal., 1981 ; Klenkefa/., 1975; Waterfield et 
al., 1979; Skehel et al., 1982). The amino acid sequences 
of the HA2s continue with two series of heptad repeats 
(compressed to one region in Fig. 2); the first corre- 
sponds to the shorter helices of the stem, the second 
corresponds to the inner surface at the top of the longer 
helices where they make close (1 nm) contact. The 
conformational change necessary to activate the protein 
at pH 5 may involve upward movement by the shorter 
stem helices to form the knob which appears at the top of 
the stem and might therefore contain elements of 
anti-parallel a-helical coiled coil (Ruigrok et al., 1986). 

In conclusion, heptad repeats may be associated with 
the presence of long, inter-subunit, a-helical coiled coils 
which could form the backbones of the projections or 
spikes on the viral envelopes, as predicted previously in 
general terms and demonstrated in influenza virus HA 
and (in a non-viral example) the trypanosome variable 
surface glycoprotein (Cohen & Philips, 1981 ; Wilson et 
al., 1981; Freymann et al., 1984). The heptad repeat 
regions shown in Fig. 1 may form a single long helix in 
paramyxoviruses and retroviruses. The hydrophobic 
regions that are located at the amino-terminal ends of the 
heptad repeat regions (Fig. 2) are thought to function in 
virus entry and cell fusion (Gething et al., 1978; 
Richardson et al., 1980; Shinnick et al, 1981). Assuming 
that the proposed long helices are oriented more or less 
perpendicular to the viral membrane, the hydrophobic 
regions would be in position to function during virus 
entry. If the amino terminus of the long helix pointed 
away from the virus core, the hydrophobic region could 
interact with, and perhaps destabilize, the cell mem- 
brane; if it pointed towards the core, it could interact 
with the viral membrane. If the subunit interface of the 
virus fusion proteins can form a hydrophobic channel, 
lipid movements between membranes to be fused may be 
allowed. Thus, diverse groups of enveloped viruses may 
have developed similar structures to enable the fusion of 
virus and cellular membranes. 
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Identification of a domain within the human T-cell leukemia 
virus type 2 envelope required for syncytium induction and 
replication. 



Poon B , Chen IS . 

Department of Microbiology and Immunology, UCLA School of 
Medicine, Los Angeles, California 90095, USA. 

In vitro infection by human T-cell leukemia virus type 1 and 2 
(HTLV-1 and HTLV-2) can result in syncytium formation, 
facilitating viral entry. Using cell lines that were susceptible to 
HTLV-2-mediated syncytium formation but were nonfusogenic 
with HTLV-1, we constructed chimeric envelopes between 
HTLV-1 and -2 and assayed for the ability to induce syncytia 
in BJAB cells and HeLa cells. We have identified a fusion 
domain composed of the first 64 amino acids at the amino 
terminus of the HTLV-2 transmembrane protein, p21, the 
retention of which was required for syncytium induction. 
Construction of replication-competent HTLV genomic clones 
allowed us to correlate the ability of HTLV-2 to induce 
syncytia with the ability to replicate in BJAB cells. Differences 
in the ability to induce syncytia were not due to differences in 
the levels of total or cell membrane-associated envelope or in 
the formation of multimers. Therefore, we have localized a 
fusion domain within the amino terminus of the 
transmembrane protein of HTLV-2 envelope that is necessary 
for syncytium induction and viral replication. 

PMID: 9499049 [PubMed - indexed for MEDLINE] 
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Functional Analysis of Cell Surface-Expressed 
Hepatitis C Virus E2 Glycoprotein 

MIKE FLINT, 1 JOANNE M. THOMAS, 1 CATHERINE M. MAIDENS, 1 CHRISTINE SHOTTON 2 
SHOSHANA LEVY, 3 WENDY S. BARCLAY, 1 and JANE A. McKEATTNG 1 * 
School of Animal and Microbial Sciences, University of Reading, Whiteknights, Reading RG6 6AJ, 1 and Institute for 
Cancer Research, Sutton SM2 5NG, 2 United Kingdom, and Department of Medicine, Division of Oncology, 
Stanford University Medical Center, Stanford, California 94305 3 
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Hepatitis C virus (HCV) glycoproteins El and E2, when expressed in eukaryotic cells, are retained in the 
endoplasmic reticulum (ER). C-terminal truncation of E2 at residue 661 or 715 (position on the polyprotein) 
leads to secretion, consistent with deletion of a proposed hydrophobic transmembrane anchor sequence. We 
demonstrate cell surface expression of a chimeric glycoprotein consisting of E2 residues 384 to 661 fused to the 
transmembrane and cytoplasmic domains of influenza A virus hemagglutinin (HA), termed E2 66 ,-HA TMCT . 
The E2 661 -HA TMCT chimeric glycoprotein was able to bind a number of conformation-dependent monoclonal 
antibodies and a recombinant soluble form of CD81, suggesting that it was folded in a manner comparable to 
"native" E2. Furthermore, cell surface-expressed El^-HA-^^ demonstrated pH-dependent changes in 
antigen conformation, consistent with an acid-mediated fusion mechanism. However, E2 461 -HA XMCT was 
unable to induce cell fusion of CD81-positive HEK cells after neutral- or low-pH treatment. We propose that 
a stretch of conserved, hydrophobic amino acids within the El glycoprotein, displaying similarities to flavivirus 
and paramyxovirus fusion peptides, may constitute the HCV fusion peptide. We demonstrate that influenza 
virus can incorporate E2 S61 -HA XMCT into particles and discuss experiments to address the relevance of the 
E2-CD81 interaction for HCV attachment and entry. 



Enveloped viruses acquire their lipid membranes by budding 
through host cellular membranes (reviewed in reference 35). 
The majority of enveloped viruses bud at the plasma mem- 
brane. However, several viruses assemble and bud at internal 
membranes such as those of the endoplasmic reticulum (ER) 
(e.g., rotaviruses), ER-Golgi intermediate compartments (e.g., 
coronaviruses), or the Golgi complex (e.g., bunyaviruses). This 
behaviour generally reflects the targeting of the viral glycop- 
roteins (gps) within subcompartments of the ER or Golgi com- 
plex. In the latter cases, viruses are released from infected cells 
either by cell lysis or after transport through the cellular se- 
cretory pathway to the cell surface. 

Hepatitis C virus (HCV), the major cause of non-A, non-B 
hepatitis, is an enveloped virus classified in the Flaviviridae 
family (reviewed in references 3 and 39). The genome encodes 
two putative envelope gps, El (polyprotein residues 192 to 
383) and E2 (residues 384 to 746), which are released from the 
viral polyprotein by signal peptidase cleavage(s) (13, 18, 43). 
Both gps are heavily modified by N-linked glycosylation and 
are believed to be type I integral transmembrane proteins, with 
C-terminal hydrophobic anchor domains. 

Expression of the E1E2 gps in mammalian cell lines dem- 
onstrates their ER retention with no cell surface gp expression 
detectable (8, 37, 46, 47). Immunoelectron microscopic studies 
localized the gps to the ER (7, 8). We (10) and others (4) 
reported the presence of ER retention "signals" within the 
C-terminal regions of both El and E2 gps, explaining these 
observations. Consistent with these data, truncation of E2 at its 
C terminus leads to its secretion from expressing cells (26, 29, 
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30, 45, 47). These observations are consistent with a model of 
HCV particle morphogenesis occurring by budding into the 
ER, as reported for other members of the Flaviviridae. 

When expressed in tissue culture cells, the El and E2 gps 
interact to form noncovalently linked complexes, whose size is 
consistent with E1E2 heterodimers (6, 8). In addition to these 
noncovalently associated E1E2 complexes, a significant pro- 
portion of El and E2 are present in disulfide-linked aggre- 
gates, which are believed to result from a nonproductive fold- 
ing pathway (la, 6, 8, 13). Since HCV cannot be propagated 
efficiently in vitro, it has been difficult to study "native" E1E2 
gp forms as they exist on the virus particle. It is critical when 
studying the biological activity of the HCV gps to distinguish 
between molecules that undergo productive folding and assem- 
bly and those that follow a nonproductive pathway(s) resulting 
in misfolding and aggregation (7). Recently, Dubuisson and 
colleagues reported a number of conformation-dependent 
monoclonal antibodies (MAbs) (H2 and H53) which specifi- 
cally recognize nondisulfide-bridged E2, both alone and when 
complexed with El, allowing the study of gp complexes which 
may represent "native" prebudding forms of the HCV gp com- 
plex (4, 6, 30). 

gps exposed on the virus surface mediate entry into target 
cells. This process requires binding of the virus particle to a 
receptor(s) present at the surface of the host cell, followed by 
fusion of the viral and cellular membranes. For viruses such as 
influenza virus and the flavivirus tick-borne encephalitis virus, 
particles internalize after receptor binding and fuse with the 
endosomal membranes. The low pH within the endosomal 
compartment induces a major structural rearrangement of the 
gps, resulting in exposure of a fusion peptide which destabilizes 
membranes, leading to fusion (reviewed in references 11, 17, 
and 50). The mechanism by which HCV enters target cells is 
currently unknown; however, the E2 gp is thought to be re- 
sponsible for initiating virus attachment to a receptor on po- 
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tential host cells (42). Indeed, a soluble form of a C-terminally 
truncated E2 gp was used to identify CD81 as a putative re- 
ceptor for HCV (36). CD81 is a broadly expressed protein and 
is reported to be involved in a variety of biological responses 
including adhesion, morphology, proliferation, activation, and 
differentiation of T-, B-, and other cell types (reviewed in 
reference 23). 

Generation of viral pseudotypes is one of the most widely 
used methods for assaying functional receptors, allowing at- 
tachment, penetration, and uncoating to be studied. Recent 
reports that vesicular stomatitis virus (VSV) expressing chi- 
meric HCV E2 gps, comprising the putative E2 ectodomain 
fused to the transmembrane and cytoplasmic domains of VSV 
G protein, allowed entry into target cells suggested that the 
ectodomain of E2 was sufficient to confer viral attachment and 
entry (22, 28). We were interested in studying the antigenic 
conformation of E2 expressed at the cell surface and whether 
such a protein was able to induce CD81-dependent cell fusion. 
Here, we demonstrate cell surface expression of a chimeric gp 
consisting of E2 residues 384 to 661 fused to the transmem- 
brane and cytoplasmic domains of influenza A virus hemag- 
glutinin (HA) (E2 661 -HA TMCX ). These data are consistent with 
a previous report demonstrating cell surface expression of 
truncated versions of E2 fused to the transmembrane domain 
of CD4 or a glycosylphosphatidylinositol anchor (4). The 
E2 661 -HA TMCT chimeric gp was able to bind a number of 
conformation-dependent MAbs and a recombinant soluble 
form of CD81, suggesting that it was folded in a manner com- 
parable to that of native E2. Furthermore, cell surface-ex- 
pressed EZggi-HAxMCT demonstrated pH-dependent changes 
in antigen conformation, consistent with an acid-mediated fu- 
sion mechanism. However, E2 661 -HA XMCT was unable to in- 
duce cell fusion of CD81-positive HEK cells after neutral- or 
low-pH treatment. We demonstrate that influenza virus can 
incorporate E2 661 -HA TMCr into particles and discuss possible 
experiments to address the relevance of the E2-CD81 interac- 
tion for HCV attachment and entry. 

MATERIALS AND METHODS 

Materials. MAbs specific for El (3/8d and 3/8ow), E2 (1/39, 6/82a, and 6/16), 
CD81 (5A6 [33]), and glutathione S-transferase (GST) (2/18) were raised by 
standard procedures. MAbs specific for conformation-dependent epitopes (H2, 
H31, H33, H44, H50, H53, H60, and H61) were a gift from J. Dubuisson (Institut 
Pasteur, Lille, France). MAbs specific for influenza A virus HP and fluorescein 
isothiocyanate (FTTC)-, phycoerythrin (PE)- and horseradish peroxidase (HRP)- 
conjugated antibodies were purchased from Harlan Sera-Labs. The MAb against 
MHC class I was purchased from Sigma. Enzymes used for cloning were pur- 
chased from Gibco-BRL Life Technologies or New England Biolabs. Dulbecco's 
minimum essential medium (DMEM), fetal calf serum (FCS), HEPES, and 
L-glutamine were obtained from Gibco-BRL Life Technologies. 

Construction of recombinant cDNA. A cDNA cassette allowing replacement 
of the ectodomain or transmembrane and cytoplasmic domains of influenza A 
virus HA was constructed. Unique restriction sites were introduced into the 
cDNA of HA by PCR mutagenesis. PCR was carried out with sense (W5506; 
5'-TCTGGATACAAAGACTGGGCCCTGTGGATTTCCTTTGCC-3') and 
antisense (W5501; 5'-GGGCCCCTGCAGGTCGACTCAAATGCAAATGTT 
GCA-3') primers on the plasmid pGEMl+HA template (X-31 strain; kindly 
supplied by D. Steinhauer, National Institute for Medical Research, London, 
United Kingdom). The resulting product was used as a primer in a secondary 
reaction with sense primer (W5502; 5'-GGGCCCGATATCAGCAAAAGCAG 
GGGATAATTC-3') with pGEMl+HA as the template. The product of this 
secondary reaction was digested with EcoRV and Pstl and ligated with pBlue- 
script SK(+) (Stratagene) similarly digested. DNA sequencing of the resulting 
plasmid, designated pBS+HA/CAS, confirmed the introduction of the unique 
restriction sites. The vector pCDM8 (Invitrogen) was used for expression in 
eukaryotic cells. The Apal site within the polyomavirus ori of pCDM8 was 
destroyed through digestion mthApal, treatment with T4 DNA polymerase, and 
self-ligation to form pCDM8(-ApaI). Plasmid pBS+HA/CAS was digested with 
Hindm and Psll. This fragment was ligated with pCDM8(-ApaI) similarly 
digested, to form plasmid pCDM8(-ApaI)+HA/CAS(HindIII-Ps«). This plas- 
mid was used to generate the fusion protein between the E2 and HA transmem- 
brane and cytoplasmic domain sequences. HCV E2 sequence was amplified by 



PCR with plasmid pBRTM/HCVl-3011 (kindly supplied by C. M. Rice, Wash- 
ington University, St. Louis, Mo.) as the template. The sequence encoding HCV 
residues 364 to 661 was amplified with sense (E2/FWD; 5'-GCGCAAGCTTCC 
ATGGTGGGGAACTGG-3') and antisense (Y0704; 5 ' -TATATAGGGCCCC 
CTCGGACCTGTCCCTGTC-3') primers, while the sequence encoding HCV 
residues 364 to 715 was amplified with the same sense primer and the antisense 
primer Y0705 (5'-TATATAGGGCCCCCTTAATGGCCCAGGACGCG-3'). 
Both these PCR products were digested with Hindm and Apal and ligated with 
pCDM8(-ApaI)+HA/CAS (Hindlll-PstI), similarly digested. The resulting 
plasmids were designated pE2 661 -HA TMCT and pE2 715 -HA TMCT . Corresponding 
vectors also encoding El sequence were generated. Primers Y0699 (5'-GCGA 
GCAAGCTTCCATGGGTTGCTCTTTCTCTATC-3') and Y0704 were used in 
PCR with pBRTM/HCVl-301 1 as the template. The product of this reaction was 
digested with Hindm and Apal and ligated with pCDM8(-ApaI)+HA/CAS 
(Hindlll-PstI) similarly digested to form the plasmid pElE2 66 ,-HA TMCT . To 
construct pElE2 715 -HA TMCT , pElE2 661 -HA TMCr was digested with flmdIII and 
Sapl and ligated with pE2 71s -HA TMCT similarly digested. Plasmid pElE2, en- 
coding the full sequence of El and E2, with the endogenous signal peptide, was 
constructed by PCR amplification with Y0699 and Y5862 (5'-GATATCCTGC 
AGTCACGCCTCCGCTTGGGATATGAG-3 ' ), using pBRTM/HCVl-3011 as 
the template. The product of this reaction was digested with Hindm and Psll and 
ligated with pCDM8(-ApaI) similarly digested. Plasmid pE2 was constructed by 
PCR of the E2 sequence with E2/FWD primer and Y5862 with pBRTM/HCVl- 
3011 as the template. The product of this reaction was digested with/iindlll and 
Pstl. As a result of the cloning strategy described here, each recombinant chi- 
meric protein possesses an additional Gly-Ala amino acid pair at the junction of 
the ectodomain (E2 sequence) and transmembrane domain (HA sequence). 

Indirect immunofluorescence. HEK (293) cells were grown in DMEM sup- 
plemented with 10% FCS and 2 mM L-glutamine. Subconfluent monolayers o 
grown in 100-mm-diameter dishes were transfected with 10 |xg of plasmid by the 9 
calcium phosphate coprecipitation method. Precipitates were incubated with | 
cells for 4 h at 37°C before being replaced with DMEM containing 2% FCS. At g 
48 h posttransfection, the cells were washed once with phosphate-buffered saline g- 
(PBS), fixed with 3% paraformaldehyde for 30 min at room temperature, washed 2. 
with PBS, quenched with 10 mM glycine in PBS for 10 min at room temperature, =f 
washed, and permeabilized with 0.1% Triton X-100 in PBS. The permeabiliza- | 
tion step was omitted for measurements of surface immunofluorescence. Cells 
were incubated with PBS containing 1% FCS and 0.05% sodium azide (P/F/A) £>' 
and then incubated with primary antibodies for 1 h at room temperature. Cock- m 
tails of anti-El (3/8d and 3/80w) or anti-E2 (1/39, 6/82a, and 6/16) MAbs were ? 
used. After incubation with primary antibodies, the cells were washed twice with § 
P/F/A, incubated with FITC-conjugated anti-mouse or anti-rat antibodies (at □- 
1/500 dilution) for 1 h at room temperature, and washed three times with P/F/A. 
Immunofluorescence was visualized under an Axiovert 135 fluorescence micro- § 
scope (Zeiss). > 

Expression and purification of GST-CD81EC2. The human CD81 EC2 was to 
made from a gel-purified Hincll-Rsal fragment, coding for amino acids 116 to §j 
202, of the cDNA clone and ligated to pGEX-2T (Pharmacia) which had been 
cut with EcoRl and blunted with T4 polymerase. The pGST-CD81EC2 construct P 
was examined by sequencing to confirm the orientation and absence of muta- to 
tions. SURE Escherichia coli (Stratagene) transformed with the plasmid was 8 
induced with 0.1 mM isopropyl-p-D-thiogalactopyranoside (IPTG) and harvested - J 
after 3 h by centrifugation, and the pellet was lysed by sonication. The GST- 
CD81EC2 fusion protein was recovered by affinity chromatography on glutathi- 
one-Sepharose 4B (Pharmacia). The purified fusion protein reacted with the 
anti-CD81 MAbs 5A6 and 1D6 when unreduced as determined by Western 
blotting. As noted for cellular CD81, the reduced recombinant fusion protein did 
not react with the antibodies (1), 

Flow-cytometric analysis. HEK cells were transfected as described above. At 
48 h posttransfection, the cells were harvested with PBS containing 0.2 mM 
EDTA and washed with PBS twice. They were incubated for 30 rain at room 
temperature in PBS containing 1% FCS and 0.05% sodium azide (P/F/A). Via- 
ble-cell counts were determined (trypan blue exclusion), and the cells were 
resuspended at 107ml in P/F/A. A total of 10 s cells were incubated with 100 uJ 
of primary antibodies (anti-E2 linear MAbs; 1/39, 6/82a, and 6/16 equal volumes 
of tissue-culture supernatant or anti-E2 conformational MAbs; H2, H31, H33, 
H44, H50, H53, H60, and H61 at 10 ug/ml, kindly supplied by J. Dubuisson, 
Institut Pasteur de Lille) or with 100 uJ of recombinant CD81 protein, diluted in 
P/F/A for 1 h at room temperature. The cells were washed three times with P/F/A 
before addition of 100 u.1 of PE-conjugated secondary antibody (at 1/100 dilu- 
tion). Experiments assessing the binding of GST fusion proteins to transfected 
cells included an additional incubation with an anti-GST MAb (100 ul of tissue- 
culture supernatant). After incubation for 1 h at room temperature, the cells 
were washed three times with P/F/A and analyzed with a FACScan apparatus. 
The data were processed with CellQuest software (Becton Dickinson). 

Cell-cell fusion assay. HEK cells were infected with influenza A virus 
A/WSN/33 at a range of multiplicities of infection in serum-free DMEM for 7 h 
at 37°C. The virus inoculum was removed, and the cells were incubated for 1 h 
at 37°C with DMEM containing 1% FCS. The cells were washed free of FCS, 
incubated for 3 min at room temperature in PBS containing 10 mM morpho- 
lineethanesulfonic acid (MES) and 10 mM HEPES at either pH 5.0 or pH 7.0, 
washed with PBS, and incubated at 37°C in DMEM containing 2% FCS. Trans- 
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fected cells were treated similarly. Following overnight incubation, the cells were 
fixed with raethanol-acetone and E2 or NP antigen was visualized by indirect 
immunofluorescence as described above. To visualize nuclear DNA, a mountant 
containing propidium iodide (Vectashield; Vector Laboratories) was used. The 
cells were visualized with a confocal microscope (Bio-rad). 

Generation and analysis of pseudotyped influenza viruses. COS-7 cells were 
electroporated either with empty vector, pCDM8, or with 15 |ig of plasmid 
pE2 66 ,-HA TMCr as described elsewhere (2). Following electroporation, the cells 
were resuspended in DMEM containing 10% FCS and 10 mM HEPES (pH 7.4) 
and allowed to recover at 37°C overnight. They were then infected with influenza 
A virus A/PR8/34 at a multiplicity of infection of 3. After 24 h, supernatants were 
collected and clarified of cellular debris by centrifugation at 15,000 rpm in a 
Beckman SW55 rotor. To confirm that the released virus contained the E2 M1 - 
HA.™ cr protein, virus was purified by centrifugation at 45,000 rpm in a Beck- 
man SW55 rotor through a 1-ml cushion of 30% sucrose in NTE (100 mM NaCl, 
10 mM Tris-HCl [pH 7.8], 1 mM EDTA). Virus pellets were resuspended in 10 
M-I of NTE and subjected to sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) and Western blotting to detect the incorporation of 
E2 66r HA rMCT into particles. Cell lysates were generated by lysis of transfected 
COS-7 cells, or MDCK cells stably expressing the A/WSN/33 M2 protein, grown 
to confluency in 35-mm-diameter dishes. The cells were washed once in ice-cold 
PBS and incubated with lysis buffer (100 mM NaCl, 50 mM iodoacetamide, 1% 
Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate, 20 mM Tris HC1 [pH 7.5]) 
on ice for 10 to 30 min. After SDS-PAGE, the E2 antigen was detected by 
Western blotting with rat anti-E2 MAbs followed by an anti-rat HRP-conjugated 
secondary antibody. The influenza A virus M2 protein was detected by using a 
mouse MAb, 14C2 (kindly supplied by R. A. Lamb, Northwestern University, 
Evanston, 111.), followed by an anti-mouse HRP-conjugated secondary antibody. 
Proteins were visualized following exposure to enhanced chemiluminescence 
detection reagents (Amersham Life Sciences) and photographic film. 

RESULTS 

Truncated E2 with transmembrane and cytoplasmic do- 
mains of influenza virus HA is expressed at the cell surface. 
Since C-terminal truncation of E2 results in protein secretion 
from the cell (29, 30, 45, 47), we reasoned that addition of a 
transmembrane domain to such a truncated form may result in 
localization at the plasma membrane. To test this hypothesis, 
cDNA encoding the chimeric gps was constructed, consisting 
of the E2 ectodomain (from amino acids 384 to 661 or 715) 
fused to the transmembrane and cytoplasmic domains of in- 
fluenza A virus HA (Fig. 1). Since the E2 gp acts as a chap- 
erone for El folding (30), we were interested in determining 
any effects of coexpression of the full-length El protein on 
both El and E2 localization. Plasmids encoding both El and 
the chimeric E2 gps were therefore constructed (Fig. 1). All 
plasmids contained endogenous signal sequences to direct 
translocation to the ER, including polyprotein residues 364 to 
383 for E2 chimeras and 171 to 191 for El-encoding plasmids. 

HEK (293) cells were transfected with the plasmids shown in 
Fig. 1, and 48 h posttransfection the cells were fixed, with or 
without Triton X-100 permeabilization, to monitor internal 
and cell surface-expressed antigen, respectively. Indirect im- 
munofluorescence was performed with MAbs specific for both 
El and E2 proteins. The results are summarized in Table 1. As 
expected, full-length El and E2 could not be detected at the 
cell surface whereas E2 661 -HA TMCT could be detected. Coex- 
pression of El did not result in El expression at the cell 
surface, nor did it have any detectable effect(s) on E2 661 - 
HAtmct cell surface expression. When E2 715 -HA TMCT was 
expressed, weak fluorescence could be detected both intracel- 
lularly and at the cell surface, suggesting that E2 715 -HA TMCT 
was expressed less efficiently than E2 661 -HA TMCT . Similar re- 
sults were obtained when E2 expression was quantified by 
analysis of transfected cells by flow cytometry (data not 
shown). The reduced expression of the E2 715 -HA TMCT gp is 
consistent with previous observations about the secretion of 
E2, truncated at residue 715 relative to 661, and may relate to 
the folding efficiency of the truncated proteins (4, 26, 30). 

Recognition of cell surface E2 by conformation-dependent 
anti-E2 MAbs: the effect of low-pH treatment. We were inter- 
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FIG. 1. Schematic representation of the proteins expressed in these studies. 
HCV El or E2 sequences were fused to the transmembrane and cytoplasmic 
domains of influenza A virus HA protein. The amino acid position on the HCV 
polyprotein is indicated above the bars. Signal sequences are indicated by solid 
boxes, while the HA sequence is shown by hatching. These chimeric proteins 
were cloned in the eukaryotic expression vector pCDM8. 



ested in determining if cell surface-expressed E2 661 -HA TMCT 
was recognized by MAbs reported to specifically interact with 
correctly folded E2 (4, 6). HEK cells were transfected with 
pE2 661 -HA TMCT and with control empty vector and at 48 h 
posttransfection were assayed for their ability to bind a panel 
of MAbs specific for linear and conformation-dependent 
epitopes. MAb recognition of transiently expressing cells was 
analyzed by flow cytometry. All of the conformation-depen- 
dent MAbs (H2, H31, H33, H44, H50, H53, H60, and H61) 
were able to recognize the chimeric gp, with mean fluorescence 
intensities in the range of 85.3 to 220.3 for E2-expressing cells 
stained in PBS and with background values for mock-trans- 
fected cells of 4.5 to 9.3 (data not shown and Fig. 2). These 
data suggest that the chimeric E2 gp is expressed in a confor- 
mation similar to that suggested for native E2 and may there- 
fore be considered an accurate model of E2 expressed on HCV 
virions. 

The entry of flaviviruses into cells is believed to occur by an 



TABLE 1. Summary of indirect immunofluorescence observed for 
El and E2 localization on transiently expressing cells. 



Vector 

P E2 

pElE2 

PE2J6J-HATMCT 

pElE2 661 -HA TMCr 

pEi^-HA-TMCT 

pElE2 715 -HA TMCT 
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FIG. 2. Conformation of cell surface E2 661 -HA TMCT . HEK cells were trans- 
fected with control empty vector (solid histograms) or with pE2 66I -HA TMCr 
(empty histograms). At 48 h posttransfection, cells were harvested and treated 
with pH 5.0 or 7.0 buffer. Cells were washed, resuspended in PBS, and immu- 
nostained with MAb H53, H44, or H50. Bound antibody was detected with 
PE-conjugated rabbit anti-mouse immunoglobulin antibody and flow cytometry. 



acid-mediated fusion mechanism, with conformational chang- 
e(s) being detectable in the envelope gp E after exposure to 
low pH (14, 16, 20, 40). To determine if a similar mechanism 
might operate for HCV, E2 661 -HA TMCr -expressing cells were 
incubated at pH 5 or 7 for 15 min, washed twice, resuspended 
in PBS, and assayed for their ability to bind the conformation- 
dependent MAbs. As controls, MHC class I and CD81 expres- 
sion were monitored and the MAbs were shown to bind equiv- 
alently independent of the pH treatment (data not shown). 
Most of the MAbs bound to the pH 7- or 5-treated cells 
equivalently, with the exception of MAbs H44 and H50 (data 
not shown and Fig. 2). MAb H44 failed to recognize pH 5.0- 
treated E2 661 -HA TMCT , and recognition by H50 was reduced 
after pH 5.0 treatment (Fig. 2). Since the cells were resus- 
pended in PBS after being treated at pH 5.0 or 7.0, the 
conformational change(s) that occurred was irreversible. 
Similar results were observed by enzyme-linked immunosor- 
bent assay for MAb recognition of low-pH-treated soluble 
E2 661 gp (data not shown). These data are consistent with 
reports regarding the sensitivity of the flavivirus gp E to low 
pH treatment. 

E2 661 -HA TM[CT binds recombinant CD81, a putative recep- 
tor for HCV. Recently, CD81 has been identified as a putative 
receptor for HCV (36). Binding of E2 to cells may be blocked 
by a recombinant fusion protein containing the second extra- 
cellular loop (EC2) of CD81 (9, 36). It was of interest, there- 



fore, to determine if cell surface-expressed E2 661 -HA TMCr 
could bind a recombinant form of CD81, GST-CD81 contain- 
ing the EC2. This GST-CD81EC2 protein is able to bind a 
number of conformation-dependent CD81 specific MAbs and 
to inhibit the interaction of soluble E2 with CD81-positive cells 
(9). HEK cells were transfected with either pE2 661 -HA XMCr or 
empty vector and at 48 h posttransfection were monitored for 
both E2 expression and the ability to bind GST-CD81EC2 and 
a control protein, GST-nef. FACScan analysis demonstrated 
that 25% of the cells expressed E2 at their surface (Fig. 3A) 
and that a percentage of these cells were able to bind GST- 
CD81EC2. No significant binding of GST-nef to cells trans- 
fected with vector or with pE2 S61 -HA TMCT was detected. 
When GST-CD81EC2 (20 (xg/ml) was incubated with mock- 
transfected cells, a low-level binding was observed (2.1% pos- 
itive cells); however, a higher level of GST-CD81EC2 cell 
binding was detected for cells expressing E2 S61 -HA TMCT , i.e., 
10.8% (Fig. 3B). Similar results were observed with a reduced 
concentration of GST-CD81EC2 (5 u.g/ml). These figures are 
lower than the percentage of cells expressing E2 661 -HA TMCT 
on their surface, possibly because GST-CD81EC2 binding was 
not saturated or because the affinity of the anti-GST MAb for 
the cell-bound GST-CD81EC2 was lower than that of the 
anti-E2 MAbs for E2. However, we cannot exclude the possi- o 
bility that the EC1 loop of CD81 (lacking from this recombi- I 
nant fusion protein) influences the affinity of EC2 for E2. § 
These data confirm that cell surface-expressed chimeric E2 can 8" 
bind a recombinant form of CD81, with the binding site resid- ^ 
ing between residues 384 and 661, and that E2 661 -HA TMCT is | 
active in the (putative) receptor-binding function. -g; 

E2 at the cell surface does not induce acid-mediated cell-cell g> 
fusion. Fusion of cells expressing influenza virus HA protein by 1 
acid treatment has been well characterized (reviewed in refer- j 
ences 11, 17, and 50). Since flaviviruses have been reported to o- 
enter cells via receptor-mediated endocytosis, we were inter- o 
ested in determining if E2 661 -HA XMCT could induce cell-cell > 
fusion in CD81-positive cells after acid treatment. HEK and £ 
the glial cell line, U87, were shown to express CD81 with mean « 
fluorescence intensities of 958.4 and 120.3, respectively, by g 
using the CD81-specific MAb 5A6, whereas an irrelevant iso- 
type-matched control MAb gave values of 8.9 and 12.3 (data 8 
not shown). HEK cells transiently expressing E2 661 -HA TMCT ^ 
were treated at pH 5.0 or 7.0 as detailed above and incubated 
at 37"C overnight. E2-expressing cells were detected by indi- 
rect immunofluorescence, using MAbs 1/39, 6/82, and 6/16, and 
the nuclei were visualized with propidium iodide. After neu- 
tral- or low-pH treatment, no cell-cell fusion of cells expressing 
E2 at their surface was observed (Fig. 4C). As a positive con- 
trol for the assay, HEK cells were infected with influenza A 
virus strain A/WSN/33 at different multiplicities of infection. 
This strain was chosen because cleavage of HAq to HA 1 and 
HA 2 , a necessary prelude to fusion, does not require trypsin 
treatment. Influenza virus-infected cells were identified by us- 
ing an antibody specific for nucleoprotein (NP). Influenza vi- 
rus-mediated cell fusion was easily detected, with large syncytia 
forming around NP-positive cells following low-pH treatment 
(Fig. 4B) but not after neutral-pH treatment (Fig. 4A). The 
syncytia were most evident at high multiplicities of infection, in 
line with previous observations that membrane fusion may be 
dependent upon the local density of fusion protein (5). How- 
ever, the U87 glial cell line is a more sensitive indicator cell for 
studying both influenza virus- and human immunodeficiency 
virus-mediated cell fusion (24); hence, the experiment detailed 
above with E2 66 i-HA XMCr was repeated in this cell line. Com- 
parable results were obtained, such that no E2 661 -HA TMCT - 
mediated cell fusion was observed; however, influenza virus- 
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FIG. 3. E2 66 j -HAyp^CT binds recombinant CD81. (A) Expression of E2 6fiI -HA TMCT on transfected HEK (293) cells. Cells were transfected with pE2 66 j-HAtmct 
or with control empty vector. At 48 h posttransfection, the cells were immunostained with rat anti-E2 antibodies followed by PE-conjugated rabbit anti-rat 
immunoglobulin and were subjected to flow cytometric analysis. The results are presented as dot plots of forward scatter (FSC) against PE fluorescence in the FL2 
channel. The percentage of E2-positive cells is indicated. (B) Binding of GST-CD81EC2 to E2 661 -HA TMCr expressing cells. HEK (293) cells were transfected with 
control empty vector or with pE2 6<il -HA TMCr . At 48 h posttransfection, the cells were incubated with no GST fusion protein, GST-nef, or GST-CD81EC2 at the 
concentrations indicated. Bound GST fusion protein was detected with a rat anti-GST MAb (2/18) followed by a PE-conjugated rabbit anti-rat immunoglobulin 
antibody. The percentage of positive cells is indicated below each plot. 



induced fusion was observed at all multiplicities of infection 
tested (data not shown). These data indicate that under con- 
ditions which support cell-cell fusion by the influenza virus HA 
protein, the chimeric E2 661 -HA XMCT gp does not induce any 
detectable cell fusion. 

EI^-HAtmcx can be incorporated into influenza virus par- 
ticles. Influenza A viruses do not incorporate significant levels 
of host cell proteins into their envelopes. However, possession 
of HA transmembrane and cytoplasmic tail sequences has 
previously been shown to direct the incorporation of foreign 
proteins into influenza virus particles (31, 52). Since E2 661 - 
HA XMCr was expressed at the cell surface and contained the 
relevant HA sequences, we tested the ability of influenza A 
virus to incorporate the chimeric gp expressed in COS cells. It 
is important to note that we (9) and others (36) have previously 
shown that E2 is unable to bind to COS-expressed CD81, such 
that high level expression of E2 661 -HA TMCT can be achieved 
without receptor ligand complex formation. COS-7 cells were 
electroporated with pE2 661 -HA TMCT (Fig. 5A and B, lanes 2 
and 4) or empty vector (lanes 1 and 3). Cells were infected with 
influenza virus 24 h after transfection (multiplicity of infection, 
3; lanes 1 and 2), and the extracellular progeny virus was 



harvested after a further 24 h. Virions were separated from 
host cell membrane fragments by ultracentrifugation through a 
high-density sucrose cushion and characterized for their con- 
stituent proteins by Western blotting. The influenza virus pro- 
tein M2, a minor component of influenza virus, was visible, 
confirming the presence of influenza A virus particles derived 
from infected cells (Fig. 5B). E2 antigen was detected in a 
lysate derived from pE2 661 -HA XMCT -transfected cells (Fig. 5A, 
lane 4), indicating that expression had occurred in these cells. 
Furthermore, this protein was incorporated into influenza vi- 
rus particles, since it was present in progeny virions from cells 
transfected with pE2 661 -HA TM CT (Fig. 5A, lane 2). The E2 661 - 
HA-tmct m a lysate of expressing cells and that incorporated 
into influenza virus virions was compared (Fig. 5C). Since 
influenza virus virions bud through the plasma membrane, the 
chimeric molecule would be expected to undergo modification 
with complex glycans during transport through the secretory 
transport system. Consistent with this, the E2 661 -HA XMCr 
present in a lysate from expressing cells migrated more rapidly 
in SDS-PAGE (Fig. 5C, lane 1) than did that present in influ- 
enza virus virions (lane 2). 
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DISCUSSION 

The current understanding of HCV gp function is limited by 
the lack of a tissue culture system supporting efficient replica- 
tion of the virus. From studies with transient-expression sys- 
tems, it is believed that gps El and E2 localize to the ER in 
infected cells (4, 6, 8). By analogy to other flaviviruses, virus 
morphogenesis may involve budding into the ER and subse- 
quent transport of viral particles through the host cell secretory 
pathway before release into the extracellular space. Modifica- 
tion of flavivirus E and prM protein glycans by trimming and 
terminal addition suggests that virions do indeed move through 
an exocytosis pathway similar to that used for host gps (27, 32). 

In this report we describe a truncated form of the HCV E2 
gp fused to the transmembrane and cytoplasmic domains of 
the influenza A virus HA protein. This chimeric protein was 
expressed at the cell surface, where it was able to bind a 
number of conformation-dependent MAbs and a recombinant 
soluble version of the putative HCV receptor, CD81 (Table 1; 
Fig. 2 and 4). These data suggest that the chimeric gp is folded 
in a manner comparable to E2 present in native E1E2 com- 
plexes and that it is in a form able to bind the putative receptor, 
CD81. Low-pH treatment of cell surface-expressed E2 resulted 
in a conformational change(s). However, neutral- or low-pH 
treatment of CD81-positive cells expressing the chimeric gp at 
the cell surface did not result in cell fusion. 

If HCV virions are indeed transported through the host cell 
secretory pathway, then E2 661 -HA TMCT should resemble E2 
on the surface of virions. Understanding the way in which E2 
is glycosylated may help our understanding of E2 conformation 
and structure. Inhibition of core glycosylation by tunicamycin 
prevents E2 from folding correctly and being recognized by the 
conformation-dependent MAbs (la). Since E2 661 -HA TMCT re- 
acts with such MAbs and since H2 and H53 react with nonco- 
valently associated E1E2 heterodimers (4, 6), this indicates 
that E2 661 -HA TMCT has a conformation similar to that 
adopted in E1E2 complexes. 

A proteolytic cleavage is a common posttranslational mod- 
ification of viral membrane proteins (reviewed in reference 
21). For example, during virion transit, the prM protein of 
flaviviruses is cleaved by the host protease furin within a post- 
Golgi acidic compartment (15, 38, 48). This cleavage is re- 
quired for the acquisition of virion infectivity. No proteolytic 
cleavage was detectable in deglycosylated E2 66 ,-HA TMCT , 
since no size differences were observed when expressing cells 
were treated with or without brefeldin A, an inhibitor of the 
secretory transport system (data not shown). This suggests 
that, unlike prM, HCV E2 does not undergo proteolytic cleav- 
age as a step in virus maturation. 

Previous work has shown that truncation of E2 to residue 
661 results in a molecule that is more readily exported from 
the cell than is a molecule truncated at residue 715 (4, 26, 
30). The additional residues could reduce the efficiency of 
E2 folding and hence of secretory transport. Our data is 
consistent with this hypothesis, since E2 661 -HA TMCT was de- 
tected more readily on the surface of expressing cells than was 
E27i 5 -HA TMCT (Table 1). Given the reported chaperone role 
of E2 in El folding, we were interested in determining whether 



FIG. 4. Cell-cell fusion is not mediated by E2 6(S1 -HA TMCT under conditions 
which permit HA-mediated fusion. HEK cells were infected with influenza A 
virus (A and B) or transfected with plasmid pE^-HA-rMcr (Q. Cell mono- 
layers were treated at pH5.0 (B and C) or pH 7.0 (A) and visualized by indirect 
immunofluorescence with anti-E2 antibodies for transfected cells, or anti-NP 
MAb for influenza virus-infected cells, with propidium iodide to visualize nuclei. 
These micrographs show representative fields from the examined samples. 
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FIG. 5. Incorporation of E2 661 -HA TMCr into influenza virus particles. 
COS-7 cells were either mock transfected or transfected with pE2 6a i-HA TMCr r 
and infected at 24 h posttransfection with A/PR/8/34. Virus was harvested and 
purified 24 h postinfection and analyzed by SDS-PAGE (15% polyacrylamide) 
and immunoblotting for incorporation of the chimeric protein into particles. (A) 
Immunoblotting for the presence of E2 66I -HA TMCT with anti-E2 antibodies. 
Lanes 1 and 2 are purified progeny virus released from mock-transfected cells 
(lane 1) and cells transfected with pE2 661 -HA TMCT (lane 2). Lanes 3 and 4 are 
cell lysates prepared from mock-transfected COS-7 cells (lane 3) and COS-7 cells 
transfected with pE2^ 61 -HA TMCT (lane 4). (B) To confirm the presence of 
influenza A virus particles, the same samples were analyzed by SDS-PAGE and 
immunoblotting to detect M2, using the 14C2 MAb. (C) E2 66I -HA XMCr derived 
from a lysate of expressing cells (lane 1) and that incorporated into influenza 
virus virions (lane 2) was compared by SDS-PAGE (10% polyacrylamide) fol- 
lowed by immunoblotting with anti-E2 i 



cell surface expression of E2 661 -HA TMCT would lead to expres- 
sion of El at the cell surface (30). However, El was not 
detected at the cell surface under any circumstances; further- 
more, El coexpression did not affect the level of E2 transport 
to the plasma membrane. 

It is thought that after receptor-mediated endocytosis, flavi- 
virus entry into target cells proceeds via an acid-mediated 
fusion event, where the viral envelope fuses with an endosomal 
membrane. Acid treatment of the flavivirus envelope protein E 
in mature virions results in a conformational change (14, 16, 
20, 40). This conformational change is irreversible and results 
in the exposure of new antigenic epitopes and the loss of 
others. Treatment of cell surface-expressed E2 661 -HA XMCT 
with pH 5.0 buffer caused an irreversible conformational 
change recognized by MAbs H44 and H50 (Fig. 2). These data 
suggest that HCV may enter target cells via a mechanism 
similar to that used by other flaviviruses. However, it should be 
noted that changes in E2 661 -HA XMCr conformation after pH 
5.0 treatment may be unrelated to an acid-mediated mode of 
entry. 

We were unable to demonstrate any E2 661 -HA TMCr -medi- 
ated cell-cell fusion (Fig. 4 and data not shown). However, the 
conditions used in this assay, although compatible with influ- 
enza virus HA-mediated fusion, might not support E2-medi- 



ated fusion. The production of polykaryotic cells is dependent 
upon the density of the fusion protein at the cell surface (5), 
and the expression method used may not result in a sufficient 
accumulation of cell surface E2 661 -HA TMCT to support fusion. 
Alternatively, the lipid composition of HEK and U87 cell 
membranes may not be compatible with E2-mediated fusion 
(12, 49). In any event, the lack of detectable polykaryons is not 
definitive evidence that HCV E2 does not have a fusogenic 
activity, since variant influenza viruses, herpesviruses, and 
paramyxoviruses exist that do not cause syncytium formation 
even though they are active in their fusion function (50). An- 
other explanation is that El is required, or indeed is respon- 
sible, for the fusion event. Since we were unable to demon- 
strate any fusion activity for E2 6S1 -HA TMCr , we examined the 
sequence of El for a putative fusion peptide. Interestingly, 
recombinant El protein is secreted when truncated after 
amino acid 340, only if an internal deletion between residues 
262 and 290 is also present (29). This internal deletion spans a 
hydrophobic domain, possibly containing a fusion peptide, that 
could act as a transmembrane anchor when El is truncated at 
residue 340, preventing its secretion. Viral fusion peptides may 
act as transmembrane anchor domains, converting normally 
soluble proteins into membrane-bound ones (34). Most fusion 
peptides are composed of 16 to 26 relatively hydrophobic 
amino acids (50). The sequence of the internal hydrophobic 
domain in El is relatively highly conserved, with changes usu- 
ally being conservative (Fig. 6A) (25). Alignment of this region 
of HCV El with the putative fusion peptide from flavivirus E 
proteins (41) revealed several similarities (Fig. 6B). Two Cys 
residues are completely conserved between all sequences an- 
alyzed. The structural implications of this are unclear, but if 
these residues were involved in disulfide bonds, the putative 
fusion peptide may be constrained in some fashion. An Asp 
residue is present in all the representative HCV sequences and 
some of the flavivirus sequences. The presence of acidic resi- 
dues in the fusion peptides of some low-pH-activated viral 
fusion proteins has been noted previously (51). Two Gly resi- 
dues are conserved within these putative fusion domains. The 
Gly residues within the El sequences have a spacing similar to 
that observed in the fusion peptides of the paramyxoviruses, at 
positions 3, 7, and 12 and at positions 3, 7, and 13 for the 
majority of HCV sequences analyzed to date (Fig. 6C). In the 
paramyxovirus F proteins, the Gly residues are believed to be 
important for the structure of the fusion peptide (19). Given 
the similarities between the internal hydrophobic region of 
HCV El, the putative (flavivirus) and known (paramyxovirus) 
fusion peptides, we propose that this region may comprise the 
HCV fusion peptide. 

Some enveloped viruses are promiscuous in regard to the 
proteins they will incorporate into their membrane, while oth- 
ers appear to use specific signals in the sequences of their 
envelope proteins to discriminate between viral and cellular 
proteins present at the site of budding. Influenza virus appears 
to utilize transmembrane and cytoplasmic tail sequences to 
select its major envelope protein, HA, during particle forma- 
tion (31). Hence, it is not surprising that E2 expressing the 
HA XMCT wa s incorporated efficiently into influenza virus par- 
ticles (Fig. 5). In contrast, VSV has the capacity to incorporate 
foreign gps regardless of their amino acid sequence (44) and 
has been used extensively to study many viral gps. VSV parti- 
cles expressing either chimeric HCV El or E2 gps were re- 
cently reported to confer VSV entry, suggesting that the gps 
could function independently to mediate binding and entry 
into target cells (22). The entry of these pseudotyped viruses 
could be inhibited by sera from chimpanzees immunized with 
the homologous HCV gps; however, the entry was not shown 



Vol. 73, 1999 



CELL SURFACE EXPRESSION OF HCV E2 6789 



264 29 

: LLVGSATLCSALYVGDLCGSVFLVGQLFTF 

: ....A.A....M S 

: MV.M G.M.AA.M.IV 

: MI. MA. .A V. .A. MILS. A. MV 

: A. -M M. .A A. . . 

: Y.A.G.A A..AL M..Y 

: ..A.A.VV..S..I L..A 

: MM. .A AL G.SW 



DEN1 
DEN2 
DEN 4 



265 

: lvIgIsatlOsalyv 

: drgwgnhcglfgk 

: drgwgngcglfgkgs 

: drgwgngcglfgkg 

: drgwgngcglfgkg 

: drgwgngcglfgkg 

: drgwgngcglfgkg 

: drgwgngcglfgkg 

: drgwgngcglfgkgs: 

: drgwgngcglfgkgs 

: dr|gJwgng|c|glfgk|g|s 



HCV-la 

HPIV1 

HPIV2 

HPIV3 

MEASLES 

CDV 

RINDERPEST 

SV5 

SV41 

MUMPS 

SENDAI 

NDV 




DLCGSVFLV 
VACVKAA- 
IVACAKFT- 
IDTCAKFS- 
LITCAKFK- 
IVTCAMFT- 
VVTCAKFS- 
IDTCftKFA- 
DTCAKFA- 

idtcakft- 
idt|c|akft- 



293 



FLV&LFTF-- 
VATAAQIT 
VATAAQIT 
VATSAQIT 
.A Lb VATAAQIT 
AL 3 VATAAQIT 
VATAAQIT 
VATAAQVT 
VATAAQIT 
VATAAQVT 
VATSAQIT 
VATAAQIT 



FIG. 6. A putative fusion peptide within the El protein. Numbers above the 
alignments indicate the amino acid position within the HCV-1 polyprotein. (A) 
Alignment of the internal hydrophobic domain of representative HCV genotypes 
(25). (B) The HCV putative fusion peptide contains similarities to the predicted 
fusion peptide from flavivirus E glycoprotein. Shown are alignments of the 
HCV-1 sequence with representative flavivirus fusion peptides: YF, yellow fever 
virus; JE, Japanese encephalitis virus; DEN, Dengue virus; KUN, Kunjin virus; 
WNE, West Nile virus; MVE, Murray Valley encephalitis virus; SLE, St. Louis 
encephalitis virus (41). Residues completely conserved across these sequences 
are shaded. (C) Spacing of Gly residues within the HCV putative fusion peptide 
is similar to that within the fusion peptides of paramyxovirus F proteins. Align- 
nt of the HCV-1 sequence with representative paramyxovirus fusion peptide 

s: HPIV, human parainfluenza virus; SV, simian virus; CDV, canine 

s; NDV, Newcastle disease virus (19). Gly residues are shaded. 



to be CD81 dependent. Clearly, it will be important to dem- 
onstrate whether CD81, either alone or with additional factors, 
can function as the HCV receptor in allowing pseudotyped 
virus-cell attachment and entry. Since CD81 is so widely ex- 
pressed, it is unlikely to be the sole factor determining HCV 
liver tropism. We are now in an ideal position to answer these 
questions by studying the receptor requirements for attach- 



ment, entry, and uncoating of influenza viruses expressing chi- 
meric HCV gps. 
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Evolutionary conservation of the membrane fusion machine. 



/ilson KA , Kemp BE, Kobe 



St. Vincent's Institute of Medical Research, Fitzroy, Victoria, Australia. 

Recent structural studies of proteins mediating membrane 
fusion reveal intriguing similarities between diverse viral and 
mammalian systems. Particularly striking is the close 
similarity between the transmembrane envelope glycoproteins 
from the retrovirus HTLV-1 and the filovirus Ebola. These 
similarities suggest similar mechanisms of membrane fusion. 
The model that fits most currently available data suggests 
fusion activation in viral systems is driven by a symmetrical 
conformational change triggered by an activation event such 
as receptor binding or a pH change. The mammalian vesicle 
fusion mediated by the SNARE protein complex most likely 
occurs by a similar mechanism but without symmetry 
constraints. 
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Fusogenic activity of hepadnavirus peptides corresponding to 
sequences downstream of the putative cleavage site. 

Rodrig uez-Crespo I , Nunez E , Yelamos B, Gomez-Gutierrez J . Albar JP . Peterson PL. Gavilanes 



Facultad de Ciencias Qmmicas, Universidad Complutense, Madrid, 28040, Spain. 

Sequence homology between the amino-terminal region of the S protein of hepatitis B Virus (HBV) and 
known fusion peptides from retroviruses and paramyxoviruses led us to propose that this region might 
be equally involved in the initial infective steps of hepadnaviruses. In fact, we showed that a synthetic 
peptide corresponding to the N-terminus region of the S protein of HBV had membrane-interacting 
properties and was able to induce liposome fusion adopting an extended (beta-sheet) conformation 
(Rodriguez-Crespo et al., 1996, 1995). We describe herein studies on the interaction of peptides derived 
from the N-terminal region of the S protein of duck (DHBV: Met-Ser-Gly-Thr-Phe-Gly-Gly-Ile-Leu- 
Ala-Gly-Leu-Ile-Gly-Leu-Leu) and woodchuck hepatitis B viruses (WHV: Met-Ser-Pro-Ser-Ser-Leu- 
Leu-Gly-Leu-Leu-Ala-Gly-Leu-Gln-Val-Val) with liposomes. These peptides were able to induce to a 
different extent aggregation, lipid mixing, and leakage of internal aqueous contents from both neutral 
and negatively charged phospholipid vesicles in a concentration-dependent and pH-independent manner. 
Fluorescence depolarization of l,6-diphenyl-l,3,5-hexatriene-labeled vesicles indicated that both 
peptides become inserted into the hydrophobic core of the lipid bilayer. Circular dichroism studies 
mdicated that the DHBV peptide adopts an extended conformation in the presence of lipids, whereas the 
WHV peptide displays a high content of alpha-helical conformation. Therefore, these results extend our 
previous findings obtained for human hepatitis B virus to other members of the hepadnavirus family and 
suggest that this region of the S protein is important in the initial steps of the infective cycle. Copyright 
1999 Academic Press. 
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Hemifusion activity of a chimeric influenza virus 
hemagglutinin with a putative fusion peptide from 
hepatitis B virus. 

Betting A, Fischer C , Schaefer S . Garten W . Klenk HP . Gerlich WH . 

Institut fur Virologie, Philipps Universitat, Marburg, Germany, 

Entry of enveloped viruses is often mediated by an aminoterminal hydrophobic fusion peptide of a viral surface 
protein. The S domain of the hepatitis B virus surface protein contains a putative fusion peptide at position 7-18 
but no systems are available to study its function directly. We tested the functionality of this peptide and a related 
peptide from another hepadnavirus in the context of the well-characterized influenza virus hemagglutinin H7 usinc 
gene mutation. The chimeric hemagglutinins could be expressed stably in CV 1 cells and were transported to the" 
cell surface. The chimeras were incompletely cleaved by cellular proteases but cleavage could be completed by 
trypsin treatment of the cells. The chimeras did not differ in receptor binding, i.e. erythrocyte binding Hemifusion 
and fusion pore formation were detected with membrane or cytosolic fluorescent dye-labeled erythrocytes as 
target structures of the hemagglutinin. Five of six different chimeras mediated hemifusion in 20-54% of the 
hemagglutinin-expressing cells, complete fusion and syncytium formation was not observed. The data suggest 
that the sequence 7-18 of the hepatitis B S domain may indeed initiate the first step of viral entry, i.e. hemifusion. 
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